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Chapter 1
Introduction
Since the discovery of the ﬁrst astronomical radio source (Milky Way) by Karl Jansky in
the 1930s, the ﬁeld of radio astronomy has become a powerful window into the cosmos. Two
characteristics of radio waves – their long wavelengths that allow them to traverse through
the interstellar dust and gas without being aﬀected, and, emission processes particular to
the radio part of the EM spectrum – permit the study of many astrophysical wonders
otherwise unobservable.
A major subﬁeld of radio astronomy is the study of transient events. Radio transients
refers to sources of radio emission with a temporal increase in ﬂux, they come a in a variety
of timescales from milliseconds up to days or longer. The short timescales exhibited by
these sources are achieved by non-thermal emission processes. The main ingredients for
these emission processes are ionized particles and magnetic ﬁelds, and depending on their
properties, the resultant emission can be either coherent or incoherent. Since incoherent
emission is self-absorbed, the timescales associated with this emission are usually longer
than coherent emission. Also the brightness temperature for incoherent emission is limited
to up to 1012K. This is not the case for coherent emission which can have archive higher
brightness temperatures.
The interaction between ionized particles, which can have a range of energies and densi-
ties, and magnetic ﬁelds, which can have a range of strengths, variability and conﬁguration,
allow for a variety of coherent radio emission processes to take place. The properties of
the radio emission let astronomers analyze the nature of these interactions as well as the
magnetic ﬁeld characteristics.
The study of magnetic ﬁelds is important to astronomers for many reasons. We can
observe and then analyze how magnetic ﬁelds are created; how they evolve; and how they
interact with the surrounding medium. They shed light on the creation and evolution of
astrophysical sources that generate magnetic ﬁelds. In many cases, magnetic ﬁelds can only
be studied by radio emission caused by particles moving along the magnetic ﬁeld lines.
Within the solar system the most common sources of radio emission are the Sun (e.g.
1
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Chapter 1 : Introduction
solar ﬂares) and planets (e.g. planetary aurorae). These types of emission have also been
found in nearby stars and brown dwarfs respectively. At relatively short astronomical
distances (i.e. less than a few dozen parsecs1), radio emission can be used to study the
star/planet interactions. It has been postulated that magnetic ﬁelds are needed for the
habitability of exoplanets, as it is the case for the Earth [e.g. Tarduno et al., 2015] -
– magnetic ﬁelds protect the atmosphere and biosphere against cosmic radiation. The
detection of radio emission from exoplanets in the future would open a window into the
magnetic ﬁeld characteristics of exoplanets and thus on their habitability. Furthermore,
the study of stellar activity in the radio spectrum shows how often stars ﬂare and is thus
an important aspect to gauge the habitability of surrounding planets.
At larger distances (i.e. hundreds of parsecs or more), the study of radio emission can
help astronomers understand some of the most extreme physical environments in the uni-
verse. Among the most studied radio transients are astrophysical objects that emit short-
duration pulses at millisecond time-scales. At Galactic distance scales (kiloparsecs), rapidly
rotating neutron stars known as pulsars could harbour very strong magnetic ﬁelds and can
be detected as periodic radio bursts. At extragalactic distance scales (megaparsecs), the
enigmatic Fast Radio Bursts (FRBs) are luminous radio events and the majority occurs
only once. From their very large brightness temperatures ( 1012K), astronomers know
that the radio emission mechanisms are coherent, but the mechanism of how the emission
is actually created is not understood.
There is another obvious source of coherent radio emission: man-made artiﬁcial emis-
sion.
It is common practice to cut out the radio frequency interference (RFI) from astro-
nomical data, however, it could be that one of those artiﬁcial signals is not man-made.
During a similar period of time in which radio astronomy has evolved into a mature ﬁeld
within astronomy, our technology has utilized the beneﬁts of radio waves to communicate
over large distances across our own planet, and even to spacecrafts everywhere in the solar
system. Extrapolating on this, one could imagine that extraterrestrial civilizations, if they
exist, would make use of radio signals to communicate across the Galaxy. The scientiﬁc
study of the universe would be incomplete if it did not include a study of life, and in par-
ticular, intelligent life. Given our presence in this universe, it is sensible to consider our
own technology as another source of coherent radio emission. The question is then: Is this
type of emission unique to the Earth?
The more transient radio sources we can investigate, the more we could understand
about the diﬀerent emission mechanisms. In this thesis, I discuss a variety of searches and
search techniques for new or existing sources of diﬀerent types of coherent emission.
1A parsec is a unit of distance that equals 3.26 light years.
2
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1.1 In between low mass stars and massive planets
1.1 In between low mass stars and massive planets
The astrophysical properties that diﬀerentiate stars and planets do not have a clear-cut
boundary. Instead, there is a gradient on these properties which depend, among other
things, on the mass of the object. Brown dwarfs exist at the intersection between stars and
planets. The general characteristics of these three types of astrophysical sources and their
similarities and diﬀerences are described below. This summary in turn helps clarify our
general understanding of the magnetic ﬁeld properties described in the following section.
Stars are massive objects that are held in hydrostatic equilibrium by the combination
of self-gravity and gas pressure. Gravity creates great pressures at the center of stars,
causing the fusion of atoms. The energy released by fusion results in the high temperatures
(106 − 107K) responsible for the gas pressure. This energy is transported radially outwards
from the central core of the star. The internal structure of a star depends on the method of
energy transport, which in turn depends on the temperature gradient. If the temperature
gradient is steep, then the energy transport is convective, otherwise is radiative. Depending
on the mass of the star, they could have layers where one or the other energy transport
is active. Low mass stars (< 0.35 M)2 are known to be fully convective. Also, they are
known as red dwarfs.
The mass of a star (i.e. its self-gravity) determines the amount of pressure that is
possible at its center and thus the type of fusion process(es) available during their lifetimes.
Most stars fuse hydrogen into helium for the majority of their lives. In the low mass regime,
an object with more than ∼ 0.08 Mwould have enough mass to fuse hydrogen in its core
[Kumar, 1963; Auddy et al., 2016]. Below this mass, stars burn deuterium (or lithium)
for some time if they are more massive than about 13 times the mass of Jupiter [Saumon
et al., 1996]. These objects are called brown dwarfs. Fusion in most brown dwarfs does
not last long (tens to hundreds of millions of years), The fusion in most brown dwarfs does
not last long (tens to hundreds of millions of years) when compared to the time scales
of low-mass stars that present fusion of hydrogen that can last for billions of years. It is
their contraction due to the inﬂuence of their gravity that provides their thermal energy
for the longest period of time. Both mass boundaries that deﬁne brown dwarfs are not very
precise and depend on other properties of the objects such as their chemical composition,
also known as metallicity. Objects less massive than brown dwarfs3 are known as gas giant
planets like Jupiter and Neptune.
Brown dwarfs have properties similar to both planets and stars. They have non-
diﬀerentiated convective interiors like stars [Marley & Robinson, 2015], in contrast to
2A solar mass, M, is a unit equivalent to the mass of the Sun (1.988 × 1030 kg) or 330,000 times the
mass of the Earth.
3Brown dwarfs can be deﬁned by their formation mechanism, objects with planetary masses but formed
independently like stars are sometimes called planetary-mass brown dwarfs or sub-brown dwarf stars [Boss,
2001].
3
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planets that possess chemically diﬀerentiated layers in which heavier atoms sink to the
center. Brown dwarfs are about the size of Jupiter independent of their mass, and like
planets, they are held by Coulomb pressure and the electron degeneracy pressure [Steven-
son, 1991]. This is unlike stars, of which the sizes are directly related to their masses. And,
unlike stars, which have ionized atmospheres with hot coronas, brown dwarfs and gas giant
planets have relatively cool atmospheres that regulate their temperatures and provide a
place where complex molecules can form [Marley & Robinson, 2015]. Brown dwarf’s at-
mospheres are characterized by cloud layers and rainout chemistry [Marley & Robinson,
2015]. Gas giants and brown dwarfs are similar to stars in terms of their composition, both
are mostly made out of hydrogen and helium.
Despite their name4, brown dwarfs would appear magenta or orange to the human eyes.
They are most luminous at infrared wavelengths, although much fainter than stars. Since
the discovery of the ﬁrst brown dwarf in 1995 [Rebolo et al., 1995; Nakajima et al., 1995;
Oppenheimer et al., 1995], the last couple of decades have seen the rapid expansion of this
ﬁeld and the discovery of more than a couple of thousand brown dwarfs due to modern
wide-ﬁeld photometric surveys such as the DENIS sky survey [Delfosse et al., 1998], 2MASS
[Skrutskie et al., 2006], SDSS [West et al., 2008], and WISE [Kirkpatrick et al., 2011].
Yes but, what about magnetic ﬁelds?
1.2 Rotating astronomical bodies and their magnetic
ﬁelds
In general terms, the dynamo model has been used to explain the generation of magnetic
ﬁelds in stars and planets. This model relates the rotation and convection properties of
an astronomical body with the electrically conducting properties of a ﬂuid within it. The
foundations of the dynamo theory are based on the magnetic induction equation coupled
with the velocity ﬁeld equations of the ﬂuid [Hathaway & Dessler, 1986]. One key process
addressed by the dynamo theory is ﬁeld reversal, that is, when the north and south mag-
netic poles exchange geometrical positions.
Planets
In the case of the Earth, liquid iron in the convective outer core produces the magnetic
ﬁeld [Glatzmaier & Roberts, 1995; Buﬀett, 2009; Sakuraba & Roberts, 2009]. Earth’s
history of magnetic reversals has been well measured to have no periodicity and a random
distribution from short (from hundreds of years) to long (up to millions of years) periods
[Cox, 1973]. It has also been discovered that the Earth’s magnetic ﬁeld may have formed
4Even before the ﬁrst discovery the term brown dwarf was ﬁrst suggested in 1975 by Jill Tarter; coin-
cidentally she is mainly known for her work in the ﬁeld of SETI (Chapters §6,§7)
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very early on, thus playing a crucial role as a radiation shield for the planet and contributing
to its habitability [Tarduno et al., 2015].
For giant gas planets like Jupiter, convective motions of liquid metallic hydrogen in the
planet’s outer core create magnetic ﬁelds [Russell, 1993]. It has been theorized that pole
reversals could be quasi-periodic with times spans between hundreds to tens of thousands
of years [Hathaway & Dessler, 1986; Jones, 2014]. Magnetic ﬁelds on planets in the solar
system are large-scale (i.e. larger than the size of the planet), long-lived, and mostly axisym-
metric dipolar5. Ionized particles trapped along the lines of the magnetic ﬁeld lines interact
with the planet’s atmospheres, creating the phenomena called aurorae [Zarka, 1992, 2007].
Ionized particles also create radio emission via cyclotron maser emission, a phenomenon
that is directly related to the local magnetic ﬁeld strength [Zarka, 1998]. Jupiter has the
strongest magnetic ﬁeld strength of the solar system planets at about 10 G.
Stars
In stars, the magnetic ﬁelds are created in currents of conductive plasma in their con-
vective zone. The diﬀerential rotation in the convective region of a star causes the magnetic
ﬁeld lines to wind up into a toroidal ﬁeld. At relatively small scales the magnetic ﬁeld lines
are twisted in a helical structure, known as the α − Ω dynamo [Parker, 1955, 1970]. The
stress on the magnetic ﬁeld lines can reach a point where the magnetic reconnection oc-
curs at the surface of the star, producing stellar ﬂares and coronal mass ejections (CMEs).
Multiple morphologies of ﬂare radio emissions are known to occur on the Sun which are
related to the magnetic activity. At large scales, opposite components of the magnetic ﬁeld
cancel each other out, leaving a weaker magnetic ﬁeld with a dipole structure [Piddington,
1983].
For the Sun, the reversal process is periodic and occurs on much shorter time scales in
comparison to solar system planets (as discussed above). Every eleven years a magnetic
ﬁeld reversal occurs in the Sun, this periodicity has been measured for a few hundred years
indirectly through sunspot counting. The number of sunspots correlates with its magnetic
activity, and ﬁeld reversals occur at the maxima of the sunspot cycle [Hale et al., 1919;
Hathaway, 2010].
The α − Ω dynamo model explains the generation of magnetic ﬁelds in partially con-
vective stars by the shear stress at the tachocline6 [Browning et al., 2006]. Low mass stars
are fully convective, however, they can be even more magnetically active and have stronger
magnetic ﬁelds than their more massive sisters [Morin et al., 2008, and references therein].
This suggests that a diﬀerent dynamo mechanism is at work. Moreover, these stars ap-
pear to have two distinct populations based on their magnetic ﬁeld morphologies: either a
5However, recent results from the Juno mission point towards a more complex magnetic ﬁeld morphology
for Jupiter [M. Moore et al., 2018].
6The tachocline demarcates the boundary between the convective layer and the radiative core.
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strong axisymmetric poloidal ﬁeld, or, a weak non-axisymmetric ﬁeld [Morin et al., 2010].
Additionally, reversal of the magnetic ﬁeld may appear to exist in these low mass stars
[Route, 2016]. Multiple theories have been proposed to explain the creation of magnetic
ﬁelds in low mass stars [Chabrier & Küker, 2006]. For instance, the α2 model uses the Cori-
olis force on convective motions to explain the helicity of the ﬁeld similarly to planetary
dynamos, on the other had, the α2 −Ω model suggests diﬀerential rotation present in these
fully convective stars. Nevertheless, the mechanism for the magnetic ﬁeld generation is not
well understood. The bistability of the geodynamo (i.e. α2 model) appears to support the
two populations of magnetic ﬁeld morphologies [Morin et al., 2011], however, it has been
suggested that the two populations could be explained by an age-rotation-activity relation
in which young fast rotators have strong magnetic ﬁeld morphologies, and slower rotators
have weak magnetic ﬁelds [Skumanich, 1972; Covey et al., 2011; Pineda, 2017].
Brown Dwarfs
The magnetic ﬁelds of brown dwarfs are less understood, however the α2 dynamo could
also apply [Chabrier & Küker, 2006]. Interestingly, their rotation evolution and distribu-
tion is diﬀerent from stars. Because brown dwarfs undergo contraction over their lifetimes,
there is an increase in their rotational speed given conservation of angular momentum
[Zapatero Osorio et al., 2006]. Their magnetic ﬁelds have more similarities with a plane-
tary dynamo, although with much stronger magnetic ﬁelds (kiloGauss) as shown by radio
emission detections [Hallinan et al., 2006]. This emission is primarily seen in fast rotators
with periodicities of a couple of hours [Hallinan et al., 2006]. The radio emission has been
shown to be related to aurora processes [Hallinan et al., 2015; Pineda et al., 2017], similar
to planetary radio emission [Zarka, 1998].
Magnetars
The most extreme case of a fast rotating body with extremely strong magnetic ﬁelds is
called a magnetar. Such objects are young neutron stars rotating many times per second,
with a magnetic ﬁeld of 1014 −1015 G [Kaspi & Beloborodov, 2017]. Magnetars power high
energy emission in X-rays and gamma rays and are believed to be the progenitors of soft
gamma ray repeaters (SGRs) [Duncan & Thompson, 1992] and anomalous X-ray pulsars
(AXPs) [van Paradijs et al., 1995]. Neutron stars are highly compact objects, remnants of
supernova explosions at the end of the lifetimes of massive stars [Baade & Zwicky, 1934].
They are about 20 km in diameter, and up to two or three times the mass of the Sun.
Radio emission from these sources is not well understood, but it is thought that it could be
created by high energy particles travelling along the magnetic ﬁeld lines, a process known as
coherent curvature emission [Luo & Melrose, 1992]. This beamed emission in combination
with the rotational period of the neutron star, could cause millisecond pulses spanning
6
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wide bandwidths – phenomena known as pulsars7 [Gold, 1968]. Some theories suggest that
magnetars are also responsible for the creation of FRBs [e.g. Kulkarni et al., 2014].
1.3 Fast Radio Bursts
The newest type of astrophysical phenomena in the radio was discovered a little more
than a decade ago. FRBs are mysterious radio transient sources that last for only a few
milliseconds. Most of them seem to occur once. There are two known sources seem to have
multiple bursts which are called “repeaters”, these are FRB121102 (or R1) and FRB180814
(or R2). The ﬁrst FRB discovered (FRB010724) was found in archival data from the Parkes
telescope at 1.4 GHz [Lorimer et al., 2007], it was then known as the “Lorimer Burst” (see
Figure 1.1).
This burst was identiﬁed as being extragalactic due to its large dispersion which is
observed as an inversely-squared frequency-dependent time delay applied to its broadband
signal travelling through the ionised interstellar medium. The dispersion of the emitted
wave at a distance, d, is usually linked to a frequency-independent value known as the
dispersion measure (DM) which is deﬁned as the integrated column density of free electrons,
ne, along the light of sight, or
DM ≡
∫ d
0
ne dl (1.1)
usually expressed in units of pc cm−3. Typical DM values for Galactic pulsars are well
below 100 pc cm−3, the Lorimer burst on the other hand show a DM of 375 pc cm−3, and
the largest DM known for an FRB is about 2600 pc cm−3.
After the ﬁrst FRB, it took a few years for more FRBs to be found in archival data
of pulsar surveys. It was after Keane et al. [2012] discovered a second one and Thornton
et al. [2013] presented four more FRBs and estimated an event rate of 104 sky−1 day−1
that the community put more attention to this new type of astrophysical sources. A rapid
number of discoveries have occurred since then. The ﬁrst decade was led by the discoveries
using the multi-beam receiver at the Parkes telescope. From the ﬁrst 25 FRBs discovered,
only a couple were not found with this telescope. That period was also characterized by
the large number of diﬀerent theories trying to explain this phenomenon, which range from
multiple emission mechanisms such as ﬂaring stars [Loeb et al., 2014], beamed signals due to
bodies orbiting pulsars [Mottez & Zarka, 2014], giant bursts from extragalactic magnetars
[Kulkarni et al., 2014], or even as evidence for extraterrestrial intelligence [Lingam & Loeb,
2017]; to more catastrophic events such as evaporating black holes Rees [1977], supernovae
with neutron star companions [Egorov & Postnov, 2009], collapsing supramassive neutron
stars [Falcke & Rezzolla, 2014], white-dwarf [Kashiyama et al., 2013] or neutron star mergers
7The ﬁrst pulsars discovered were denoted with the term LGM, for “Little Green Man”
(http://www.bigear.org/vol1no1/burnell.htm).
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Figure 1.1: Lorimer Burst. The burst sweeping across all frequencies shows the disper-
sive eﬀect from the interstellar medium (ISM) and the intergalactic medium
(IGM). It is conﬁned by the two white lines placed for reference. If the dis-
persion is corrected, the signal can be enhanced by integrating over time as
shown in the inner plot. Also shown in this ﬁgure is another form of coherent
emission, in this case conﬁned to a narrow frequency range around 1.35 GHz,
this is man made and is known as radio frequency interference (RFI). Figure
taken from Lorimer et al. [2007] (ﬁg 2).
[Totani, 2013] among others. To this date it is still not clear what is the astrophysical
process responsible for these powerful and mysterious targets.
One source has stood out from the rest in the last few years. FRB121102 was the ﬁrst
FRB discovered with the Arecibo telescope [Spitler et al., 2014], which then was found to be
repeating [Spitler et al., 2016]. This encouraged monitoring campaigns with telescopes with
better angular resolution and allowed the localization of the host galaxy [Marcote et al.,
2017]. It has also allowed for the detection at the highest radio frequencies of any FRB as
well as the largest bursts density8 in a given period of time [Gajjar et al., 2018]. Detailed
studies of bursts in high time and frequency resolution as well as polarization information
have allowed to further pinpoint the emission mechanism to possibly a magnetar surrounded
by a dense nebula near a massive black hole [Michilli et al., 2018; Hessels et al., 2018].
8Additional pulses were found in the same dataset by detection advances using a convolutional neural
network [Zhang et al., 2018]
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Nevertheless, it is still possible that the repeater belongs to a diﬀerent population of sources
[Palaniswamy et al., 2018] or not [Bagchi, 2017; Cordes et al., 2017]. The recent discovery
of a second repeater (FRB180814) could potentially help on this question [CHIME/FRB
Collaboration et al., 2019].
The last couple of years have been transformative to the ﬁeld of FRB detections with
new wide ﬁeld telescopes coming online. The Molonglo Observatory Synthesis Telescope
(MOST) detected three FRBs while commissioning the system [Caleb et al., 2017]. The
Australian Square Kilometre Array Pathﬁnder (ASKAP) detected 20 new FRBs in about a
year of observations [Shannon et al., 2018], suggesting the possibility of a relation between
dispersion and brightness. Most recently, the Canadian Hydrogen Intensity Mapping Ex-
periment (CHIME) has detected 13 FRBs, pushing the lower frequency boundary to 400
MHz during a pre-commissioning phase [CHIME/FRB Collaboration et al., 2019]. Some
of these FRBs show low scattering suggesting that detection at even lower frequencies is
possible. This makes telescopes like LOFAR more appealing for FRB searches, and thus
encouraging for follow up of the work presented in Chapters §4 and §5.
This ﬁeld is moving at a very rapid pace recent years. It would not be surprising that
there would be even more discoveries by the time this thesis is printed.
1.4 The Search for Technosignatures
The Search for Extraterrestrial Intelligence (SETI) is a multidisciplinary ﬁeld of science
focused on the systematic search for artiﬁcially created “signs” which potentially suggest
the existence, past or present, of intelligent life beyond the Earth. These signs are usually
referred to as technosignatures. It has been argued that the search for technosignatures is a
more appropriate term for the ﬁeld, since the searches focus on ﬁnding technological signs,
and use those signs as a proxy for intelligence. Also, this term has been classiﬁed as a subset
of biosignatures, which is a more general term that includes any sign of non-terrestrial life
(e.g. signs of biospheres by measurements of exoplanet atmospheres).
The most common type of searches have been in the electromagnetic spectrum to look
for putative transmitted signals (intentionally transmitted in our direction or not). From
these searches the most common region has been in the radio frequencies, which have used a
large variety of radio telescopes [Drake, 1961a; Verschuur, 1973; Tarter et al., 1980; Bowyer
et al., 1983; Horowitz et al., 1986; Steﬀes & Deboer, 1994; Bowyer et al., 1995; Mauersberger
et al., 1996; Backus, 1998; Werthimer et al., 2000; Tarter, 2001; Harp et al., 2016a; Tingay
et al., 2016; Enriquez et al., 2017; Gray & Mooley, 2017a, and others]. The next most
common region is the optical where high resolution spectrometers [Reines & Marcy, 2002;
Tellis & Marcy, 2017], and fast readout photometers [Horowitz et al., 2001; Howard et al.,
2007] installed in optical telescopes have been used to search for lasers [Schwartz & Townes,
1961]. Recent eﬀorts have extended these latter searches to the infrared [Wright et al., 2014].
9
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Another search type is sometimes referred as Artifact SETI which looks for signatures
of technology at large scales that can be detectable at astronomical distances [Wright et al.,
2014]. Ideas are many, for instance, it has been proposed that a ring of satellites orbiting
a planet in the so called Clarke exobelt could be detectable in the lightcurves of stars with
transiting exoplanets [Socas-Navarro, 2018], or the use of powerful lasers during transit
to broadcast the presence of a civilization [Kipping & Teachey, 2016]. Probably the most
famous idea is related to objects known as Dyson spheres [Dyson, 1960], which are hypo-
thetical structures that could cover fully or partially the star’s light as an energy source
(among other options). One of the most famous recent candidates for potentially harbour-
ing such a system is Boyajian’s Star (also known as Tabby’s Star) which has shown unusual
light ﬂuctuations [Boyajian et al., 2016]. More recently this theory has been less favoured
after a wavelength-dependent dimming was discovered consistent with the presence of dust
in the surrounding medium of the star [Boyajian et al., 2018].
1.4.1 The Fermi Paradox and the Drake Equation
The question if we are alone in the universe have been in the mind of humanity probably
as long as the question about our own origins. In modern times, once we realized the
spatial and temporal scales of the universe and our own Galaxy, it has been suggested that
if an advanced civilization could be able to last for geological or astronomical times, such
civilizations would have had enough time to propagate throughout the Galaxy. However,
there has not been any detectable sign yet found of their presence. This problem was
summarized with the question “Where is everybody?” back in the 1950s by Enrico Fermi
and is known as the Fermi Paradox.
Multiple explanations have been suggested to explain this paradox which can be divided
in two camps. One is that life in the universe is rare, and we could well be the only
civilization in the Galaxy. The other is that there maybe more civilizations out there but
for one reason or another we have not detected their presence, either because they do
not want to be detected or because we have not yet been able to detect them because of
logistical, technological, or sociological reasons.
In modern times frameworks have been developed to estimate the prevalence of extrater-
restrial civilizations in the Galaxy. The Drake Equation is the most famous probabilistic
argument created to summarize the main factors involved from an astrobiological perspec-
tive.
The Drake Equation states:
N = R∗ × fp × ne × fl × fi × fc × L (1.2)
where N stands for the number of technological capable civilizations in our Galaxy;
R∗ is the average rate of start formation in the Milky Way;
fp is the fraction of stars that can have planets;
10
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ne is the average number of planets per star with planets that can potentially support life;
fl is the fraction of planets that actually develop life;
fi is the fraction of those inhabited planets which develop intelligent life;
fc is the fraction of those planets with intelligent life which develop a technologically ad-
vanced civilization with detectable signs of their existence;
and, L is the average length of a time for which such a civilization exists.
It is worth mentioning that the ﬁrst three terms in the equation are now well known.
The average star formation rate, R∗, is between one and ﬁve Myr−1 [Robitaille & Whitney,
2010, and references therein.]. By taking the average mass of a star to be 〈M∗〉 = 0.5M
[Kennicutt & Evans, 2012]9, we could say R∗ is between two to ten stars per year. There
is at least one planet around every star (fp ≈ 1), and if we limit ourselves to planets in
the habitable zone as the ones with the potential to support life, then fpne ≈ 0.2 [Dressing
& Charbonneau, 2013; Petigura et al., 2013; Batalha, 2014]. Nevertheless, there are no
constraints for the other parameters and thus the prevalence of extraterrestrial civilizations
in the Galaxy is unknown. Only further searches would help shed light into this profound
question, is there anyone out there?
1.4.2 A brief history of radio SETI
Ever since Cocconi & Morrison [1959] pointed out that radio was a reasonable way of
interstellar communication, there have been many searches carried out in this region of the
electromagnetic spectrum. The ﬁrst search was done by the Project OZMA [Drake, 1961a]
with a modest search of two nearby stars.
Early searches focused their attention to speciﬁc frequency regions such as the so called
“water hole” [Oliver & Billingham, 1971]10, as well as other “magic frequencies” [Drake &
Sagan, 1973a]. These ideas were mainly motivated by the bandwidth limitations of the time.
As technological advances allowed for wider bandwidths, eﬀorts have slowly expanded to
other regions of the Terrestrial Microwave Window, a region of low natural noise between 1-
10 GHz shown in Figure 2. At the lower frequency end the Galactic synchrotron radiation
is the main source of noise. At higher frequencies, the water vapour in our atmosphere
becomes a factor. This does not take into account the radio frequency interference (RFI),
caused by human made technology which can be much brighter and can be found at any
frequency.
SETI eﬀorts were catalysed by the Project Cyclops NASA report [Oliver & Billingham,
1971], which helped creating the Interstellar Communication Study Group at NASA Ames
that operated for a couple of decades. At its peak of operations this group was conducting
9This value depends on the initial mass function (IMF) such as the one described in Kroupa et al. [1993]
and others.
10Frequencies between the Hydrogen (H) line at 1420 MHz and the hydroxyl (OH) lines around 1660
MHz
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Figure 1.2: Terrestrial Microwave Window. Figure taken from [Morrison et al., 1977,
ﬁgure 2.]
the High Resolution Microwave Survey (HRMS) with the goal of observing 1000 stars over
the frequency range 1-3 GHz. The project was cancelled after lack of government funding
in 1993, but resurrected as Project Phoenix by the SETI Institute the following year. When
completed, this project had searched a few hundred stars with a sensitivity able to detect a
hypothetical transmitter located a couple hundred light years away with a power an order
of magnitude larger than what is currently possible with our own technology. In parallel,
other eﬀorts such as META [Horowitz & Sagan, 1993], SERENDIP and SETI@home were
under-way. One could argue that the ﬁrst golden era for SETI ended with the turn of the
century. For a more detailed picture of the ﬁrst few decades of SETI see Tarter [2001].
The ﬁrst decade of this century was punctuated by the construction of the ﬁrst stage
of the Allan Telescope Array (ATA), a dedicated facility for SETI. The array conﬁguration
allowed simultaneous observations of multiple targets given the array conﬁguration, and
new receivers permitted a very wide bandwidth [1-10 GHz; Harp et al., 2016a]. The origi-
nally planned ATA would have been an state-of-the-art telescope. Unfortunately, the ﬁnal
sensitivity of the telescope was limited since the construction of the array never passed the
ﬁrst stage.
The latest iteration of a large scale SETI project started a few years ago when the
Breakthrough Listen Initiative was announced, a ten-year program to conduct the largest
12
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SETI search in history. This project has beneﬁted from the accumulated technological
improvements accomplished by Moore’s Law. The ﬁrst results from the ﬁrst year of op-
erations already surpassed what had been done in the past in terms of a combination of
sensitivity, number of targets observed and bandwidth probed (Chapter §6). Observations
are continuing with the Green Bank Telescope and the Parkes telescope with substantial
on sky time [Isaacson et al., 2017]. Future searches by Breakthrough Listen and collabo-
rators will use the most modern telescopes such as LOFAR (as already demonstrated in
Chapter §7) and MeerKAT, which would improve even further the amount of parameter
space proved in terms of sensitivity, and number of targets observed. Given its potential,
one could argue that Breakthrough Listen is becoming the Apollo program of SETI.11
Nevertheless, going to the Moon may not be enough, going to Mars may be necessary to
ﬁnd martians. It may take the next generation of telescopes to ﬁnd evidence of other tech-
nologically capable beings, or to robustly put limits on the existence of other civilizations
in the Galaxy at the least. According to Grimaldi & Marcy [2018], a telescope with the
capabilities and sensitivity of a future Square Kilometer Array (SKA) phase 2 may be nec-
essary in order to obtain strong constrains on the existence of extraterrestrial technology
in the Galaxy transmitting in the radio.
1.5 This Thesis
In this thesis, we study diﬀerent instances of coherent radio emission from diﬀerent (non)-
astrophysical sources.
By Telescope
We used data from three radio telescopes of diﬀerent conﬁgurations. First, we used
the Robert C. Byrd Green Bank Telescope (GBT) in Green Bank, West Virginia, US is
a 100m single-dish steerable telescope [Prestage et al., 2009]. We use the L-band receiver
from 1.1 to 1.9 GHz (Chapter §6) and the C-band receiver from 4 to 8 GHz (Chapter §3).
These receivers have one single beam, meaning they look at a single area in the sky. We
use this telescope by tracking each source at a time for a few minutes. This observations
are used for the analysis of the temporal and spectral properties of the data in the search
for possible radio emission from unresolved sources.
Second, we used the Giant Metrewave Radio Telescope [GMRT; Swarup et al., 1991],
located near Pune, India. GMRT is an array of 30 steerable dishes of 45m each. An array
telescope is most commonly used for aperture synthesis, a interferometric method which
uses every antenna pair (also called baseline) to create an image of a area of the sky. The
11Coincidentally this thesis is being printed while we are celebrating the 50 Anniversary of the ﬁrst moon
landing.
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resolution of the image is basically limited by the longest baseline. We used images from
interferometric data from this array taken at 150 MHz (Chapter §2).
Finally, we used the Low-Frequency Array [LOFAR; van Haarlem et al., 2013], which
is an aperture array telescope composed of about 20,000 dipole antennas, these are dis-
tributed in groups or stations. Most stations are located in the Netherlands, and a few in
other European countries. We observed with this telescope using frequencies between 20
and 250 MHz (Chapters §4, §5, and §7). The technology behind this telescope allows for
great ﬂexibility, one can use it in beamformed mode (like a single dish), or in interferometric
mode (like an array), and these modes can also be used simultaneously. Figure 1.3 shows
the three telescopes. GMRT and LOFAR are only shown partially given their distributed
geometry.
Figure 1.3: Images of telescopes: (A) GBT (B) LOFAR superterp (C) GMRT
By Topic
This Thesis is divided in three parts. Each part is dedicated to searches of diﬀerent
types of coherent emission, moving to ever more exotic cases. The ﬁrst part consist of
14
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Chapters §2 and §3, and concentrates on the search for stellar radio emission from low
mass stars or brown dwarfs. The emission is mainly characterized by coherent processes.
Its morphology could vary spanning from seconds to hours, and could be a few MHz wide
or wider.
In Chapter §2 we use the TGSS survey to search for coincident radio emission at the
locations of thousands of red dwarfs and brown dwarfs. TGSS is a survey made with the
GMRT at 150 MHz covering about 90% of the sky. We identiﬁed a few candidates which
would need follow up for conﬁrmation.
In Chapter §3 we follow up on the reported radio emission from Ross 128 with the
Arecibo telescope. We observed this red dwarf with the GBT at frequencies between 4
to 8 GHz and did not ﬁnd emission consistent with a stellar source. However, we found
emission suggestive of satellite interference.
The second part of this Thesis consist of Chapters §4 and §5, and discusses the FRATS
project, created for the search of FRBs and other fast transients with the LOFAR telescope.
These fast transients have millisecond timescales, and have wide bandwidths which could
span hundreds of MHz. The nature of these signals is still under investigation, but their
large dispersions suggest they are extragalactic in origin. Given the large distances and
short time scales, the emission is believed to be coherent. FRBs have yet to be detected
a the low frequencies LOFAR operates, their detection would open a new window for the
study of these enigmatic signals.
In Chapter §4 we discuss the technical aspects of the localization and detailed study
of fast transients with LOFAR. We discuss the methods and pipelines implemented which
make use of the Transient Buﬀer Board (TBBs), a novel system of ring buﬀers installed
in each single antenna. Having access to such data, allows for the greatest ﬂexibility and
optimal analysis. We show a couple of proof-of-concept results for the localization and
analysis of potential future detections.
In Chapter §5 we discuss the results of our ﬁrst pilot runs of the FRATS project. These
pilot runs where done commensally during regular observations, and used a real-time system
for the detection of fast transients such as FRBs. We calculate rate limits on FRBs from
our non-detections. The detections of multiple pulsars showed the potential of this system.
We discuss possible observing setup evolutions of the project and the expected number of
FRBs given a period of time and assumptions on their characteristics at low frequencies.
Finally, the third part of this Thesis is covered by Chapters §6 and §7, which informs
on recent searches for technosignatures. The concept of technosignatures is used here
speciﬁcally to describe putative radio signals from extraterrestrial civilizations which are
commonly believed to be very narrowband and persistent for lengths of time longer than
the observation, such signals can only be created by technological means. This type of
emission is still coherent although non-astrophysical.
In Chapter §6 we discuss a search of narrow-band technosignatures from nearby stars.
We used the GBT’s L-band receiver covering frequencies between 1.1 to 1.9 GHz. This
15
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constitutes the ﬁrst result from the Breakthrough Listen project, a major modern SETI
program. All signals detected were identiﬁed as anthropogenic radio frequency interference.
We put a limit on the power of putative radio transmitters from the direction of our targets
similar to the power level of our own technology. This search is comparable to the largest
SETI projects ever done.
In Chapter §7 we show our results from a search of narrow-band technosignatures using
the LOFAR telescope. This is a volume limited search of all the stars within 5 pc of the Sun.
This is the ﬁrst SETI project with the LOFAR telescope, and the ﬁrst search of narrow
band signals of this magnitude. We used a modern multi-beam RFI excision analysis and
found no signal inconsistent with being human-made.
16
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We can judge our progress by the courage of our questions and the depth of our answers,
our willingness to embrace what is true rather than what feels good.
– Carl Sagan
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Chapter 2
A search for low frequency radio
emission from red and brown dwarfs
in TGSS
J.E. Enriquez, H. Falcke, F. Verbunt, R. Coppejans, C. van Eck, and P. Zarka
Submitted to Astronomy and Astrophysics.
Abstract
The rate of stellar radio activity at low frequencies is not well characterized.
This can be improved by using recent and upcoming all sky surveys at low
frequencies as a result of the development of sensitive low frequency arrays.
Here we use the TIFR GMRT Sky Survey (TGSS) covering almost 90% of
the sky at low frequencies (150 MHz) to look for radio emission from low mass
stars and brown dwarfs. We cross-match the positions of about eleven thousand
known dwarfs with the locations of about 2.6 million radio sources found directly
in the TGSS images. The bulk of our candidates are consistent with all being
chance coincidences, however, we have identiﬁed a subgroup of 21 with the
highest probability of being real candidates. Follow up observations that include
polarization information could inform on the nature of the radio emission for
these candidates.
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2.1 Introduction
The study of stars in the radio frequency range is an important window into key astro-
physical conditions of these stellar objects. The magnetic ﬁeld strengths, structure and
level of activity, as well as the electron densities and energies can be probed from radio
transient events, which could be related to stellar ﬂares, coronal mass ejections (CMEs)
or even aurora. Using the stellar radio emission to study the stellar magnetic ﬁelds could
yield information on their magnetic ﬁeld topologies, and thus shed light on the dynamo
mechanism involved.
The potential of unbiased wide-ﬁeld radio surveys to ﬁnd stellar radio sources have
been discussed previously [Helfand et al., 1999; Osten, 2008]. Helfand et al. [1999] search
the FIRST survey at 1.4 GHz for radio signatures at matching positions of a variety of
stars with known proper motions from the Hipparcos and Tycho catalogues. They found
26 coincident radio sources, half of them already known to be active stars.
In this work, we expand the search in wide-ﬁeld surveys to low frequencies by looking at
the TGSS catalogue at 150 MHz (see Section 2.2.1). We focus in this work on M dwarfs and
ultracool dwarfs (UCDs)1 which mark the transition between two fundamentally diﬀerent
emission processes; stellar-like powered by chrosmospheric and coronal processes on one
hand, and planet-like powered by auroral processes on the other, see Pineda et al. [2017]
for a comprehensive review. In this work, we use the general term dwarf(s) when referring
to the two populations together.
2.1.1 Brown Dwarf Radio Emission
Before 2001, it was not expected to detect radio emission from UCDs with the sensitivities
of current radio telescopes. This followed from the X-ray to radio luminosity relation for
stellar ﬂares [Benz & Gudel, 1994], and was also supported theoretically by the α − Ω
dynamo model for solar-like stars. The latter predicts weak magnetic ﬁelds for UCDs due
to their fully convective interiors. This view was challenged after the unexpected ﬁrst
detection of radio ﬂare-like emission from the brown dwarf LP944-20 [Berger et al., 2001].
Nowadays, about a couple dozen UCDs have been found to be radio bright [e.g. McLean
et al., 2012; Pineda et al., 2017]. These sources seem to show a connection with fast rotators
[McLean et al., 2012], and seem to be present even in late type brown dwarfs [Route &
Wolszczan, 2012]. All the detections have been made in the GHz regime [Berger, 2002;
Burgasser & Putman, 2005; Hallinan et al., 2006]. The emission can be subdivided in
two types: unpolarized quiescent emission, and bright, periodic, highly circularly polarized
pulse emission [Berger et al., 2001; Hallinan et al., 2006; Berger et al., 2009]. The nature
of the pulsed emission appears to be the product of the combination of the rotation of
1UCDs are deﬁned as stars with a spectral type later than M7 and includes brown dwarfs (L,T,Y).
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the UCD [Hallinan et al., 2008], and a coherent emission process known as the electron
cyclotron maser instability (ECMI). ECMI states that the frequency of the radio emission,
ν, is directly related to the cyclotron frequency of the beamed electrons and thus to the
strength of the magnetic ﬁeld, B, by ν(Hz) ∼ 2.8×106 B(G). This translates into kilogauss
magnetic ﬁeld strengths for the GHz detections [e.g. Hallinan et al., 2006].
ECMI was ﬁrst known to be present at much lower B ﬁelds ( 10 G) from well known
observations of Jupiter’s decametric radio emission (DAM)[e.g. Zarka, 1998]. ECMI also
predicts strong beamed emission along the walls of a conical beam [Zarka et al., 2004]. This
beam shape is known for some solar system planets that show auroral emission [e.g. Jupiter,
Saturn, Earth; Zarka, 1998]. For the case of Jupiter, ECMI emission in combination with
the 10 hour rotation period are seen as pulses with duty cycles of ∼ 14% [Higgins et al.,
1996]. This compares to the duty cycles observed in UCDs (between 5 and 30%, or minutes
to tens of minutes in duration) [e.g. Nichols et al., 2012, and references therein.].
Under the ECMI framework, progress has been made in recent years to have a com-
prehensive model of UCD radio emission. A close association has been suggested between
ECMI radio emission and aurora emission as seen in solar system planets [Yu et al., 2011;
Nichols et al., 2012]. This view has gained momentum by recent results suggesting the
auroral connection, either by parallel radio observations in conjunction with optical [Hal-
linan et al., 2015] or by using previously known optical information (e.g. Hα) as selection
criteria for follow up radio observations [Kao et al., 2016].
2.1.2 Red Dwarf Radio Emission
Some stellar ﬂares have been known for a long time to be also detectable in the radio,
ocurring on a wide range of stellar types. These studies extend over many decades [Lovell,
1963; Bastian, 1990; Güdel, 2002]. Several subpopulations of magnetically active stars have
been identiﬁed such as dMe stars, which show optical Hydrogen emission lines. Most late
M dwarfs appear to be dMe stars [Bastian, 1990]. An empirical relation has also been found
between X-ray and radio luminosities for stellar ﬂares as well as for solar ﬂares on all scales
[Benz & Gudel, 1994]. Another ﬁnding is that ﬂares are more numerous and intrinsically
bright for young M dwarfs [Benz & Güdel, 2010], and they may be related to the rotation
of the star [Skumanich, 1972; Covey et al., 2011].
Radio emission from low mass stars is non-thermal, and it is caused by either incoherent
or coherent processes [Osten, 2008]. Incoherent process have timescales of minutes to days
and are believed to be caused by gyrosynchrotron emission from mildly relativistic electrons
[Dulk, 1985]. Most detections have been done in the GHz regime [Osten, 2008]. Coherent
emission is present at shorter timescales between milliseconds to hours, it has been detected
over a larger range of frequencies, but with only a handful at MHz frequencies [Lynch et al.,
2017]. The process could be caused by either plasma radiation or ECMI [Osten, 2008].
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The low frequency regime for both types of astrophysical objects is under-studied, and
new insights into the nature of the emission as well as the rates of magnetic activity at
those levels can potentially be improved by searching available and upcoming low frequency
surveys.
In §2.2, we describe TGSS and the star catalogues used for cross matching. In §2.3, we
described the source catalogue extraction from TGSS images and the cross-match analysis.
In §2.4, we describe the selection criteria and the few candidate sources found. We ﬁnalize
in §2.5 with a discussion and summary.
2.2 Radio Surveys and Stellar Catalogs.
In this work we cross match the positions of known targets with TGSS (Section 2.2.1), and
compare results with other radio catalogues (Section 2.2.2). This search contains thousands
of stellar sources compiled by several groups (Section 2.2.3).
2.2.1 TGSS
The TIFR2 GMRT3 Sky Survey (TGSS) project4 is an all-sky radio continuum survey at
150 MHz covering 89.4% of the sky. At these frequencies and sky coverage, this survey is
currently the most sensitive and has the best angular resolution. The observations were
carried out between 2010 and 2012, using the Giant Meterwave Radio Telescope [GMRT;
Swarup et al., 1991], in India. This array is made of 30 parabolic antennas each of 45
meters in diameter. The observing timescale of this survey (15 min per ﬁeld; Table 2.1),
as well as the sensitivity, are favourable for searches of radio burst emission from known
stellar objects such as red and brown dwarfs.
Recently, Intema et al. [2017] have published a re-processed data release using the full
collection of data, taking advantage of signiﬁcant new improvements on calibration and
imaging algorithms at low frequencies developed for the Low Frequency Array [LOFAR; van
Haarlem et al., 2013]. This version has been introduced as the TGSS First Alternative Data
Release [TGSS ADR1; Intema et al., 2017]. It covers the sky north of −53° Declination,
in 5°x5° mosaics, and the typical noise is about 3.5 mJy/beam. The most relevant details
about TGSS ADR1 are shown in Table 2.1. Finally, in this work we occasionally refer to
TGSS ADR1 as TGSS for simplicity.
2.2.2 Other Radio Surveys
We have also used other radio surveys at a variety of frequencies. We have used these
catalogs to better inform our search of the TGSS catalog by identifying non stellar sources
2TIFR: Tata Institute for Fundamental Research
3GMRT-url:http://www.gmrt.ncra.tifr.res.in/
4TGSS-url: http://tgss.ncra.tifr.res.in/
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Table 2.1: TGSS ADR1 details.
Frequency 147.5 MHz
Bandwidth 16.7 MHz
Integration per ﬁeld 15 min
Sky coverage 36,900 deg2
RMS noise (median) 3.5 mJy beam−1
Resolution (Decl. > 19°) 25′′ x 25′′
Resolution (Decl. < 19°) 25′′ x 25′′/cos(Decl. −19°)
(see Section 2.4.1.4).
With the exception of the survey explained in Section 2.2.2.1, we use the published
tabulated catalogs from these surveys (i.e. not the images themselves as we did for TGSS).
The published catalogs we use here are limited by the predetermined thresholds and meth-
ods used by their authors, which are set to be large enough to avoid false positives. The
catalogs used here are NVSS, FIRST, WENSS, and VLSSR. We also used data from the
MSSS survey (see Section 2.2.2.1). Table 2.2 shows some key details from all these surveys.
We describe below other properties of each catalog.
The NRAO VLA Sky Survey [NVSS; Condon et al., 1998] was created with the Very
Large Array (VLA) telescope using the L-band receiver in continuum mode. It covers
the sky north of Decl. > −40° or 80% of the celestial sphere. The positional accuracy
decreases from less than an arcsec for relatively bright sources, to about 7′′ for the faintest
detectable at 2.3 mJy.
The Faint Images of Radio Sky at Twenty-cm [FIRST; Becker et al., 1994, 1995] survey
was created with the VLA telescope in spectral line mode. The integration time per beam
is shown in Table 2.2 although the catalog is created from coadded images that use a
weighted sum, giving a longer eﬀective exposure time.
The Westerbork Northern Sky Survery [WENSS; Rengelink et al., 1997] was created by
the Westerbork Synthesis Radio Telescope (WSRT) in The Netherlands. It covers the sky
north of Decl. > 30°, and a positional uncertainty of 1.5′′.
The Very Large Array Low-frequency Sky Survey Redux [VLSSr; Lane et al., 2014]
is a reprocessed version of the VLSS catalog made with the VLA telescope. It covers the
Declinations > −10° for 18h < R.A. < 21h, > −20° for 15h < R.A. < 18h, and > −30° for
the rest of the sky. The global rms positional error is 3.3′′ in R.A. and 3.5′′ in Declination.
2.2.2.1 MSSS
The Multifrequency Snapshot Sky Survey [MSSS; Heald et al., 2015] is an ongoing sky
survey with the Low Frequency Array [LOFAR; van Haarlem et al., 2013]. MSSS is divided
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Table 2.2: Other Radio Surveys
Survey NVSS FIRSTa WENSS MSSS-HBA VLSSr
Central Frequency (MHz) 1400 1400 325 140 73.8
Resolution (′′) 45 5 54b ≤ 120 75
Noise level (mJy) 0.45 0.2 3 ≤ 5 100
Integration (s) 30-60 180c 43200 2 × 420 4500
Bandwidth (MHz) 50 42d 5 40 1.56
aFor observations done before 2011.
b54 × 54 cosec δ
cPer beam.
dTwo bands each of seven 3-MHz channels.
in two main surveys, one part of the survey is performed using the Low Band Antennas
(LBAs) using frequencies between 30 and 74 MHz, this part of the survey is denoted as
MSSS-LBA. The other part uses the High Band Antennas (HBAs), speciﬁcally frequencies
between 120 to 160 MHz, this part of the survey is denoted as MSSS-HBA and is the one
used in this work. Both parts of the survey have 8 subbands of 2 MHz each. The survey
covers the Northern sky, Decl. > 0°. This survey is undergoing ﬁnal processing, and is
planned to be published soon.
For this work, we used an early version of the processed images and created a catalog
in the same way we did for the TGSS images (see Section 2.3.1). We only used this catalog
to check the ﬁnal candidates from TGSS (see Section 2.4.1.4). A more detailed analysis
was not performed given that preliminary ﬂux values of this early version of the data, as
well as the confusion limitation due to the lower angular resolution of the survey.
2.2.3 Ultra Cool Dwarf and M Dwarf Catalogs
For the search presented in this work, we collected targets from three catalogues of dwarfs.
The ﬁrst catalog is a collection of 1772 brown dwarfs5. It includes any object with spectral
type of L0 or later in either the optical or near-infrared. It contains brown dwarfs of all
spectral types L, T, and Y. We refer in this work to this catalog as BDcat. The second
catalog is a compilation of 8683 M dwarfs6. This list contains dwarfs between M6 and
5This catalog has been constructed by Jonathan Gagne and Will Best by compiling results from multiple
surveys [Knapp et al., 2004; Chiu et al., 2006; Cruz et al., 2007; West et al., 2008; Schmidt et al., 2010;
Burningham et al., 2013, among others.] . Last main update was on 22 September 2014.
https://jgagneastro.wordpress.com/list-of-ultracool-dwarfs/
6This catalog has been constructed by Jonathan Gagne and Will Best, from multiples surveys such as
[Cruz et al., 2007; West et al., 2008; Slesnick, 2008, and more.]. Last main update was on 22 September
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M9 which are spectroscopically conﬁrmed. We call this catalog LateMcat. Finally, we
use a catalog of 536 M dwarfs7 with homogeneous spectroscopic classiﬁcation, spectra and
photometry. Their spectral types vary between M0 and M9.5, but there are also a couple
late K stars. We attribute to this catalog the name Mcat.
Figure 2.1 shows the target distribution in these catalogs in galactic coordinates. The
lack of sources at low galactic latitudes (|b| < 15 deg) is evident. This is likely due to biases
related to observing campaigns excluding the galactic plane.
Figure 2.1: Sky location distribution of targets in the dwarf catalogues in galactic coordi-
nates. In parenthesis we show the total number of targets in each catalogue.
The orange line shows the region of the sky not observed by TGSS.
2.3 Survey Analysis
In order to compare the catalogs of known dwarfs to the TGSS radio survey, we have created
our own source catalog from the TGSS ADR1 mosaics. We did not use the published TGSS
ADR1 catalog itself since that contains sources at the seven sigma level or higher. We argue
that we can give a higher level of signiﬁcance to a lower threshold detection, since we are
looking for sources at known positions. We discuss this in more detail in Section 2.3.1.
2014.
https://jgagneastro.wordpress.com/list-of-m6-m9-dwarfs/
7This catalog has been constructed by Davy Kirkpatrick, Chris Gelino, Mike Cushing, David Kinder,
and Adam Burgasser. The catalogue is composed of 284 unpublished dwarfs, others are from a compilation
of several works: Kirkpatrick et al. [1991]; Kirkpatrick [1992]; Henry et al. [1994]; Kirkpatrick et al. [1995],
and others. Last updated on 6 November 2012.
http://spider.ipac.caltech.edu/staﬀ/davy/ARCHIVE/index.shtml.
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Additionally, for the sake of clarity, we refer to this lower threshold catalog used here as
TGSS ADR1b.
Below we show our source extraction method (Section 2.3.1), the selection criteria for
cross matching (Section 2.3.2), as well as an statistical interpretation of the results (Section
2.3.3).
2.3.1 Source Catalog Extraction
We use the source detection package PyBDSF8, from Mohan & Raﬀerty [2015], to create a
catalog of radio sources from the TGSS ARD1 mosaics. This is the same source ﬁnding
algorithm used by Intema et al. [2017] to make the TGSS ADR1 catalog. However, we
use a set of parameters which is diﬀerent from the ones used for TGSS ADR1, and also
diﬀerent from the default values in PyBDSF as detailed below.
PyBDSF is a tool which decomposes radio images into a list of sources. It identiﬁes pixels
above a given threshold and associates them into islands of contiguous pixels. The islands
are ﬁtted with one or more Gaussians which are then added together to provide an estimate
of the peak and integrated ﬂux densities per source. These values are tabulated along with
information on the type of sources ﬁtted (point source vs extended), and the number of
Gaussians used for the ﬁt.
For the creation of the TGSS ADR1b catalog, we used the following PyBDSF values.
We used a three sigma detection threshold, which corresponds to a median of 10.5 mJy
beam−1. We allowed the island threshold to be two times the rms to minimize chance
coincidences. The rms is calculated by a sliding square box of 100x100 pixels (10.3’x10.3’),
and steps of 30 pixels, except for a few problematic mosaics where a square box of 120x120
pixels was used instead.
We created source catalogs for each of the 5330 mosaics available. However, there is a
signiﬁcant overlap between adjacent mosaics. The added area of the separate mosaics is
3.6 times larger than the sky observed [Intema et al., 2017], which gives a measure of the
overlap. Thus, the approximate number of real sources is about 3.6 times less than the
integrated number of sources from all mosaics. Taking this into account the total number
of sources in TGSS ADR1b, NTGSS, is about 2.6 million.
2.3.2 Cross matching parameters and results
We use the TGSS ADR1b catalog to search for the UCD locations given by the three
catalogs in Section 2.2.3. The TGSS beamwidth at zenith is 25′′ as shown in Table 2.1.
We use this value as the initial search radius around the locations in the dwarfs catalogs.
We note that the Declination dependence on the beam resolution is not taken into account
at this point of the analysis. We also note that at this stage of the analysis, the dwarf
8An older version of the software called PyBDSM was used for this work:
http://www.astron.nl/citt/pybdsm/
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positions are not corrected for proper motion. We do not consider this a problem at
this state given our search radius is larger than the eﬀect caused by most possible proper
motions. In Section 2.4.1.2, we revisit this selection criterion in order to identify the most
probable candidates.
The cross matching was done by using the task TSKYMATCH2 from the software package
STILTS [Taylor, 2006]. This software is optimized for analysis of tabular data and the
search is based on the proximity to the sky positions. From the cross matching applied
to all the individual mosaics, we obtained 25, 58 and 365 matches from the Mcat, BDcat,
and LateMcat catalogues respectively. As discussed in Section 2.3.1, the mosaics overlap
signiﬁcantly, thus the true number of matches should be about 3.6 times smaller. We looked
at all the overlapping mosaics per given dwarf candidate and choose a single mosaic. We
selected the mosaic with the lowest local rms, although we note that usually the local rms
between mosaics does not vary signiﬁcantly.
Finally, after removing the duplicate entries, the remaining potential candidates are 8,
21, and 125, corresponding to 1.50%, 1.19% and 1.44% of the dwarfs in the Mcat, BDcat,
and LateMcat catalogs respectively. Thus actual overlap values for each catalogue are then
3.13, 2.76, 2.92 times smaller respectively, the diﬀerence may be due to the diﬀerent sky
distributions of each catalogue shown in Figures 2.1 and 2.2. We discuss the statistical
signiﬁcance of these results in the following section.
2.3.3 Statistical analysis
The numbers found in the previous section can be interpreted by looking at their statistical
signiﬁcance. We obtain a provisional estimate of the expected number of chance coinci-
dences, as follows. We write the area covered by one search radius used in the previous
section as Ar = π × (25′′)2 = 1.5 × 10−4 sq.deg., and the total area surveyed in TGSS as
ATGSS = 36900 sq.deg. 	 0.9 × 4π. The fraction of ATGSS we covered by searching the
NTGSS radio sources is fT = NTGSSAr/ATGSS 	 0.01. The probabilities that a randomly
chosen position within ATGSS coincides with a radio source are therefore pT = fT 	 0.01.
The small value of pT indicates that the overlap between radio positions is small. The
probability pT is similar to the case when choosing a random position anywhere in the
whole sky with p = NTGSSAr/(4π) 	 0.009, because ATGSS is almost the full sky.
The expected numbers of hits in Mcat, BDcat, and LateMcat follow as μM = 536p =
5, μB = 1772p = 16, and μL = 8683p = 78, respectively. The observed numbers of
coincidences are higher but still compatible with these expectations for Mcat and BDcat;
only for LateMcat the number of coincidences is signiﬁcantly higher than the expected
number of chance coincidences. We caution however, that the actual expectation values
may diﬀer from those estimated above because of two reasons. First, the Declination
dependence of the beam size makes it larger than Az for Declinations south of −41°,
and thus our estimate of pT is likely a lower limit. Second, systematic eﬀects may happen
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Figure 2.2: Comparison of the source sky distribution between Mcat, BDcatand LateM-
catwith Syncat. Showing Right Ascension (top) and Declination (bottom)
distributions separately. The numbers in parenthesis correspond to the num-
ber of sources in a given catalog.
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because the sky distributions of the catalogues are not homogeneous, as illustrated in Figure
2.2. In particular, dwarfs in LateMcat are predominantly in the range 100◦ < α < 250◦, and
all three catalogues are concentrated on the northern hemisphere. Thus, a more detailed
statistical analysis is required.
In order to get a better estimate of the rate of chance coincidences, we use a Monte-
Carlo approach by matching a synthetic catalog containing random sky positions. We used
100,000 random pointing having a uniform spherical distribution. We refer to this synthetic
catalog as Syncat.
In order to make a more similar comparison between the Syncat and other catalogs, we
continue with the following steps. First, we use the same cross matching technique described
in Section 2.3.2. We use these tools to cross match Syncat to the TGSS ADR1b catalog.
Second, we use 2.94 as the overlap average value calculated from the three dwarf catalogs
in Section 2.3.2. Thus, we ﬁnd a number of chance coincidences of 1180, corresponding to
a probability pS=0.0118 that a random position in the sky coincides with a radio source.
Then, for each catalog we can determine the expected number of coincidences. Given the
number of entries for Mcat, BDcat, and LateMcat, these correspond to μM = 536pS = 6.3,
μB = 1772pS = 21, and μL = 8683pS = 102. From these expectation values it is clear
that all coincidences between radio sources and a dwarf in Mcat or BDcat may be due
to chance. For LateMcat the number of coincidences is higher than predicted by ∼ 2.3 σ,
indicating that there may be a number of real detections.
We note that the sky distribution of dwarfs from the catalogs used here is not uniform,
whereas the distribution of synthetic sources is. One could foresee that the sky distribution
of candidates may relate to that of the catalogs9, but it is not clear if and how this could
aﬀect this analysis in the overall matching probability which is likely similar. In any case,
although all coincidences in the Mcat and BDcat may be due to chance, it is still possible
that a small number of coincidences are real detections.
In the following Section we look at the most likely candidates for real detections, that
warrant further study.
2.4 Candidate Analysis
In this Section, we describe and implement a selection criteria to identify candidates for
which the likelihood of positive association is greatest. We comment on the most interesting
candidates individually. We are not claiming the candidate radio sources are positive
matches with the respective dwarf, but we encourage follow up studies for conﬁrmation.
9This seems to be the case for ﬁnal candidates in the LateMcat catalog.
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2.4.1 Candidate Selection Criteria
In Section 2.3.3, we noted that the number of initial candidates is consisted with being all
chance coincidences. We can attribute the origin of chance coincidences to either having
coincident radio sources within the line of sight, or to noise statics at low signal to noise
ratios (false positives). We look into these two aspects here to develop a new set of selection
criteria. We then apply these criteria to the candidates found in Section 2.3.2.
2.4.1.1 Coincident radio sources: morphology
First, given that the radio emission comes from the vicinity of dwarfs, the emission should
be consistent with point sources. Thus, we can discard any extended source. This can
be done by using the S_Code provided by PyBDSF. This parameter is used to deﬁne the
structure of the radio source. If S_Code = ‘M’, then multiple Gaussians were used for the
ﬁt, this is only used for extended sources. There were a total 14 candidates removed after
applying this criterion, one from Mcat, one from BDcat, and 12 from LateMcat. This
reduced the number of candidates to 140 from the 154 initial set.
2.4.1.2 Coincident radio sources: search radius
The number of chance coincidences due to coincident radio sources along the line of sight
can be minimized by reducing the search radius, rs. To do this, we look into the position
uncertainties from the radio sources and the dwarf targets.
The TGSS position uncertainty, rp, is dependent on the SNR and the beam size, dδ, by
rp = dδ/(2∗SNR). As shown in Table 2.1, dδ is dependent on Declination (δ). Assuming
a SNR = 3, rp = 4′′ if δ > 19°, and can be up to rp = 13′′ at δ = −53°. We note that
this uncertainty is far less than the beam size radius, rδ, which is 12.5′′ for δ > 19°, and
increases by cos(δ − 19) for δ < 19°, which corresponds to 40′′ at −53° Declination. We
use rδ as our conservative estimate on the position dependence for the search radius.
The other source of position uncertainty is the proper motion from the dwarfs, which
can be signiﬁcant. Given that these sources are intrinsically faint, most of the known
sources are nearby (< 50pc away), thus potentially having a high proper motion. Faherty
et al. [2009] founds proper motions for 841 UCDs having a range between 0′′.01yr−1 and
4′′.7yr−1. The median proper motion found for 273 M7-M9 dwarfs, 467 L0-L9 dwarfs, and
101 T0-T9 dwarfs is 0′′.222yr−1, 0′′.189yr−1, and 0′′.373yr−1 respectively. Using January
18, 2011 as the mean epoch for the TGSS observations [Intema et al., 2017], the median
proper motion for T dwarfs corresponds to a position diﬀerence of 4′′ away from the
J2000 values, we refer to this value in the future as rpm. We note, that taking the largest
proper motion found in Faherty et al. [2009], the position diﬀerence could be up to 52′′.
The possibility of having large proper motions encouraged us to ﬁnd and apply these for
the dwarfs positions associated with our initial group of candidates. For this task, we
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Table 2.3: Expected Number of False Positives.
Catalog Npointings Nf(3σ) Nf(3.5σ) Nf(4σ) Nc(3σ) Nc(3.5σ) Nc(4σ)
Mcat 536 0.72 0.12 0.02 2 2 1
BDcat 1772 2.39 0.41 0.05 7 3 1
LateMcat 8683 11.72 2.00 0.26 35 21 13
used the webtool SIMBAD10, as well as the USNOFS11 archive website to collect proper
motion values from the literature. From this search we were able to correct positions using
published proper motions of about a third of the dwarfs. We point out that given the two
year period where observations were taken, the location error after correction of the proper
motion could be up to a year in either direction and thus has a magnitude of the proper
motion itself.
Based on the discussed uncertainties, we consider a search radius dependent on two
case scenarios given each individual target12: 1) If there is a known proper motion for the
dwarf, then rs = rδ, and 2) if there is no proper motion known, then rs =
√
(2 ∗ rpm)2 + r2δ .
Where 2 ∗ rpm is taken as a conservative value. Then, the search radius varies between
12.5′′ and 42′′. We note that for δ < −41°, the original search area is smaller than rs. We
reanalysed the region −53° < δ < −41° for missed candidates, and found no additional
ones. After applying this stricter criterion for coincidence to the new set of candidates, the
number was reduced from 140 to 44 candidates, of which two are from Mcat, seven from
BDcat, and 35 from LateMcat.
2.4.1.3 Noise statistics: False positives and False negatives.
We can estimate the number of false positives which are related to noise statistics by
assuming a normal distribution on the noise variability. Then the probability of having a
false positive at 3 σ, 3.5 σ, and 4 σ threshold is 0.135%, 0.023% and 0.003% respectively.
Given that the search radius per dwarf is approximately one beam in size, the number of
pointings is approximately the number of sources in the dwarfs catalogs (see Section 2.2.3).
Table 2.3 shows the expected number of false positives, Nf , and for comparison, the number
of candidates, Nc, for each of the catalogs at several threshold levels.
10http://simbad.u-strasbg.fr/simbad/
11http://www.nofs.navy.mil/data/FchPix/
12In this work, the angular distances between the radio source and the dwarf location are calculated
using the haversine equation.
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We note that in all cases, Nc > Nf , which points to having a signiﬁcant number of
proper candidates (i.e. not due to noise statistics). This is minimized by choosing a larger
threshold. On the other hand, a larger threshold increases the chances of false negatives.
For our particular case, using a Nf(4 σ) can potentially remove real candidates for any of
the catalogs. However, for the case of LateMcat, Nf(3 σ) contains many false positives.
Given that we are not claiming the emission we see is from a dwarf and encourage further
observing campaigns, we use the following scheme. We ﬁrst try to minimize the number of
false negatives by choosing a Nf for each catalog which is larger than one 13, and second
we try to minimize the number of false positives by taking the lowest Nf available. This
means we have selected a 3 σ threshold for both Mcat, and BDcat, but a 3.5 σ threshold
for LateMcat. This reduces the LateMcat selection to 21 candidates (and a total of 30
from the three catalogs). We caution that in this way, we could expect about two false
positives below a 3.5 σ and a 4 σ thresholds for each BDcat, and LateMcat respectively.
However, it is not possible to determine which candidates are these.
2.4.1.4 Coincident radio sources and other ancillary information
Based on the astrophysical aspects of dwarf radio emission, we can make an educated guess
of which radio sources are indeed coincident along the line of sight to the dwarfs.
One criteria is based on the sensitivity of TGSS observations. This survey is not sensitive
enough to detect quiescent emission associated with a stellar source, and only the ﬂare like
emission could potentially be bright enough (Sections 2.1.1 and 2.1.2). Thus, we expect
that it would be unlikely for a transient source to appear in multiple radio catalogs. Given
the duty cycles of burst emission for active brown dwarfs, and making the very generous
assumption this could extend orders of magnitude in frequency, the probability of appearing
in more than two catalogs is less than 3 %.
For this purpose we have taken other catalogues from surveys done at other radio fre-
quencies to investigate if radio sources appear at the same locations (Section 2.2.2). Here
we discarded any source appearing in multiple catalogs as being non-transient and thus not
related to dwarf radio emission. Based on this criterion, we have identiﬁed nine candidates
present in two or more other catalogs. These candidates were all from the LateMcat group
and were removed from our ﬁnal list.
Finally, we also compiled additional information on each source by using the webtools
NASA/IPAC Extragalactic Database (NED)14 and ALADIN15[Bonnarel et al., 2000; Boch &
Fernique, 2014]. With NED we searched for known extragalactic radio sources, and with
ALADIN we searched SDSS and 2MASS images for other sources that could appear closer to
the radio source than the given dwarf. No candidate was removed based on this information.
13Note that for Mcat this is not possible thus we take the largest number.
14https://ned.ipac.caltech.edu/
15http://aladin.u-strasbg.fr/aladin.gml
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Instead, we use this information to comment on a few candidates on Section 2.4.2, as well
as in Table 2.4.
2.4.2 Final sample
After applying the selection criteria described in Section 2.4.1, the ﬁnal number of candi-
dates is 21, these are shown in Table 2.4.
Following a statistical analysis as done in Section 2.3.3 is diﬃcult given the source-
speciﬁc selection eﬀects such as proper motion or morphology. For a zero order comparison,
we can take rs = 12.5′′, then the expected number of hits would be four times smaller than
the ones shown in Section 2.3.3: μM = 536p = 1.25, μB = 1772p = 4.0, and μL = 8683p =
19.5, for Mcat, BDcat, and LateMcat respectively. This assumes the 3 σ threshold used
for ﬁnding NTGSS. Then comparing with Nc(3σ) from Table 2.3, we get that the number
of candidates are is 38%, 43%, and 44% larger than the expected numbers above. This is
more signiﬁcant than what was found in 2.3.3.
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2.4 Candidate Analysis
2.4.2.1 Image analysis
For each of our candidates, we have created an image post stamp with the following char-
acteristics: each image has 96 x 96 pixels, with each pixel resolution equal to 6.2′′ (or
595.2′′x 595.2′′ images or about 10’ x 10’).
From these images we have calculated our own peak ﬂux, ﬂux error and SNR values
instead of the ones reported by PyBDSF. For the peak ﬂux we take the maximum value in
a region of dδ x dδ around the TGSS source location reported by PyBDSF. For the error
we take the minimum standard deviation calculated from four regions around the TGSS
source. These regions are rectangular areas of dimensions (5′ − dδ) x 10′ or 10′ x (5′ − dδ)
covering the image post stamp around (but not including) the TGSS source. The minimum
standard deviation from these four regions is taken to minimize contributions from other
nearby sources and thus given a better estimate. The SNR is just the ratio of the peak ﬂux
and the error.
2.4.3 Individual candidate selection
In this section, we describe only a handful of interesting candidates as a representative
example. We show the two with smallest angular separation between the dwarf location
and the TGSS radio source, rTGSS. Also, we show the two candidates with largest proper
motion, (μR.A., μDecl.), which can be interpret as nearby targets and thus potentially
close enough for their emission to be detectable. It may be worth pointing out that the two
targets with highest proper motions are also the only two candidates from Mcat, although
this may also show the lack of measured proper motions for the fainter UCDs.
We do not claim the radio sources are the objects of interest in deﬁnite terms, but their
coincidence may warrant more targeted observations with available radio telescopes at these
frequencies.
2.4.3.1 2MASS J1033+0831
This ﬁrst candidate has the shortest angular distance between the radio source and the
targeted dwarf, only 2.4′′ apart. It is associated with 2MASS J1033+0831 at the location
J2000 10h33m48.6s +8°31’22.1′′. The target is an ultra-cool dwarf with an spectral type of
M7 [West et al., 2011], with apparently no known proper motion. This source is 21.5, 15.4,
14.9 and 14.2 mag at r, J, H and K bands [Cutri et al., 2003; Adelman-McCarthy et al.,
2007].
Figure 2.3, shows the TGSS ADR1 map around this candidate marked by the red cross.
The radio source in the middle of the image is consistent with a point source. It is located
at 10h33m48.7s +8°31’22.5′′. The black cross-marks show the locations of extended SDSS
sources found in NED as the closest targets from the location of the red dwarf, they are
about 25′′ away. The one northerly is at J2000 10h33m48.8s +8°31’48′′, the one south-
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west is at J2000 10h33m47.1s +8°31’04′′, this is consistent with the location of a marginal
radio source at 2-3σ shown in the TGSS. It seems likely these other SDSS targets are not
associated with the radio source of interest.
Figure 2.3: TGSS ADR1 image around 2MASS J1033+0831. The blue color starts at the
2σ threshold (comparable to the islands calculated by PyBDSF) and end at
the peak ﬂux of the radio source at the center. The yellow contours show the
levels at 3, 3.5, 4, 5, 10, 20, and 40σ. The black dashed contours show the
levels at -3σ. The red cross marks the location of the red dwarf corrected for
proper motion. The black cross marks show other nearby SDSS sources. The
purple ellipse in the bottom-left corner shows the synthesized beam (25′′ x
25.5′′, PA=0.0°).
2.4.3.2 2MASS J1036+3209
Figure 2.4 shows the TGSS ADR1 map around this target located at 10h36m55.97s +32°09’03.7′′.
A radio source located at 10h36m56.2s +32°09’01.8′′ is also consistent with a point source.
There is no known proper motion for this source. This is a faint optical and infrared source
with 22.4, 16.5 and 16.1 mag at r, J and K bands [Cutri et al., 2003; Adelman-McCarthy
36
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et al., 2007], is an ultra-cool dwarf of spectral type M8 [West et al., 2011]. No extragalactic
source was found in NED using a 1′ search radius.
Figure 2.4: TGSS ADR1 image around 2MASS J1036+3209. This ﬁgure was created
similar to Figure 2.3. The purple ellipse in the bottom-left corner shows the
synthesized beam (25′′ x 25′′, PA=0.0°).
2.4.3.3 2MASS J0202+1020
Figure 2.5 shows the TGSS ADR1 map around this target. The radio source location is
02h02m15.36s +10°20’04.2′′. The shape is consistent with a point source. No extragalactic
source was found in NED using a 1’ search radius.
This candidate is associated with the location of 2MASS J0202+1020 (also known as
LP 469-67, GJ 3128, and LHS 1326 among others), it is 15.7, 9.8, 9.3 and 8.9 mag at R,
J, H and K bands [Adelman-McCarthy et al., 2007; Zacharias et al., 2012]. This is a red
dwarf with spectral type M5.5 [Alonso-Floriano et al., 2015], at only 8.93 ± 0.03 pc away
[Gliese & Jahreiß, 1991]. This is a high proper motion star [Zacharias et al., 2012] and it
shows the largest proper motion from our group of top candidates as shown if Table 2.4.
The location corrected for proper motion is 02h02m15.71s +10°20’10.555′′.
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If we assume the emission comes from 2MASS J0202+1020, we can calculate the bright-
ness temperature, Tb, as shown in Benz et al. [1998] with,
Tb =
2Sν
πkB
(
c
ν
)2 (D
d
)2
(2.1)
where, Sν is the ﬂux density, kB is the Boltzmann’s constant, D is the distance to the star,
d is the size of the emission region. We assume d = 5x107m, as estimated for UV Ceti in
Lynch et al. [2017], the emission is consistent with Tb = 5x1015 K which exceeds the 1012 K
limit from inverse Compton scattering, strongly suggesting a coherent emission mechanism
(such as ECMI, Section 2.1.1).
Figure 2.5: TGSS ADR1 image around 2MASS J0202+1020. This ﬁgure was created
similar to Figure 2.3. The purple ellipse in the bottom-left corner shows the
synthesized beam (25′′ x 25.3′′, PA=0.0°).
2.4.3.4 2MASS J1356-2803
Another candidate associated with a high proper motion star [Salim & Gould, 2003] is
shown in Figure 2.6. The radio source is near the location of 2MASS J1356-2803 (also
38
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known as LHS 2826, GJ 3816, and LP 912-32 among others). This is a M4.5 [Kirkpatrick
et al., 2011] red dwarf. The location of the radio source is 13h56m20.88s -28°03m51.479s.
The location of the target corrected for proper motion is 13h56m20.26s -28°03’50.46′′. This
red dwarf location is well within the TGSS beam size at this Declination. This dwarf is
13.9, 10.5, 9.9, and 9.6 at R, J, H and K bands [Cutri et al., 2003; Costa et al., 2006].
NED shows only one nearby source in a 1’ search radius, about 32′′ from the location
of the red dwarf. It is shown as a UV source at 13h56m23.061s -28°03’53.32′′ detected with
GALEX [Seibert et al., 2012]. It shows a 21.53±0.69 mag in FUV, and 17.22±0.041 mag
in NUV both with a 7.5 arcsec diameter aperture. We found this to be coincident with
another 2MASS source, 2MASS J13562309-2803532, using ALADIN. This location is shown
in Figure 2.6 with a small purple cross mark.
Figure 2.6: TGSS ADR1 image around 2MASS J1356-2803. This ﬁgure was created
similar to Figure 2.3. The small black cross mark and the larger black cross
are locations of other nearby objects (See Section 2.4.3.4). The purple ellipse
in the bottom-left corner shows the synthesized beam (25′′ x 36.6′′, PA=0.0°).
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2.5 Discussion and conclusion
It is known that red and brown dwarfs emit transient radio bursts with a range of timescales
from seconds to days. This inspired us to search for such emission in archival data from the
TGSS survey, produced with GMRT covering the full sky above Declination of −53°. Given
the short integration times used for these survey, they are well match with the emission
timescales of these transient sources. We have undertaken a search in the TGSS ADR1
images at 147.5 ± 8.35 MHz for radio sources coincident with positions of 10,991 known
red dwarfs and brown dwarfs. From this search we found initially 154 candidates. After a
Monte-Carlo approach involving synthetic data the number of expected coincidences was
between 100 and 130. Thus, we concluded that our result is consistent with the chance
coincidence rate expected by the density of sources at 150 MHz given the angular resolution
and sensitivity of TGSS.
Nonetheless, it is still possible that some candidates are proper matches. We carried
a detailed study to ﬁnd the most probable candidates and were able to ﬁlter out all but
21 candidates. This further ﬁltering is explained in Section 2.4, and it included studies
of morphology to ﬁnd resolved targets, implementation of proper motions to improve the
search radius, false positive analysis due to noise statistics, and coincidences with other
radio catalogues from the literature which include NVSS, FIRST, WENSS, MSSS, and
VLSSr . This further selection reduced the number of coincidences by a factor of seven, as
well as improved the likelihood of the candidates, since the number of candidates is about
40% more than the expected number of coincidences.
From the ﬁnal group of candidates, we present in detail some candidates as an example,
and list the rest. We do not claim that any of radio sources found are really associated with
the radio emission from the star. However, we encourage targeted follow up observations to
investigate the possibility. In particular, observations at a higher angular resolution would
help resolve disambiguations with coincident source along the line of sight. LOFAR [van
Haarlem et al., 2013], is uniquely placed to follow up these targets given the capabilities of
current telescopes. The use of proper motions recently released by GAIA could help ﬁnd
disambiguation of matches as well, in particular for stars with no such values in this paper.
If we allow ourselves to speculate on these candidates being real, it is then worth
mentioning that none of them is coincident with previously known radio emitting dwarfs
[Berger, 2006; McLean et al., 2012; Antonova et al., 2013]. This may be pointing towards a
diﬀerent population of dwarfs being radio bright at low frequencies. On the other hand, the
non-detections of known radio emitters could be explained by several factors: the transient
nature of the emission, the geometry of the beamed emission, or other astrophysical reasons
such as the energy and density properties of the plasma in the coronal region (for the case
of M dwarfs) or the magnetic ﬁeld structure and maximum strength present in the source
vicinity (for the case of ECMI emission).
Future studies on upcoming surveys at low frequencies, such as MSSS [Heald et al.,
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2015] and GLEAM [Hurley-Walker et al., 2017] among others, could prove to be useful,
specially those with access to the circularly polarization information. The need for Stokes
V maps has been clearly shown by results from Lynch et al. [2017], where radio bursts from
UV Ceti were found only on the Stokes V images due to their lower confusion noise as well
as large degrees of circular polarization.
These surveys could also be use for searching for radio emission from exoplanets, which
as the solar system planets could be bright in the radio by processes like ECMI. Sirothia
et al. [2014] is an example were a few candidates (not yet conﬁrmed) were found using 10%
of the TGSS maps. Finding radio emission from exoplanets is important to determine their
habitability [Khodachenko et al., 2007; Lopez-Morales et al., 2011]. We plan to use similar
techniques used in this work to search for exoplanet emission on future and current low
frequency radio surveys. New facilities coming online in the future such as SKA are very
promising for this endeavour [Zarka et al., 2015].
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Abstract
We undertook observations with the Green Bank Telescope, simultaneously
with the 300m telescope in Arecibo, as a follow-up of a possible ﬂare of radio
emission from Ross 128. We report here the non-detections from the GBT
observations in C band (4-8 GHz), as well as non-detections in archival data at
L band (1.1-1.9 GHz). We suggest that a likely scenario is that the emission
comes from one or more satellites passing through the same region of the sky.
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3.1 Introduction.
Ross 128 is a low mass red dwarf star (M4V) and one of the nearest stars to the solar
system at a distance of only 10.9 light-years (3.3pc). It has been known as a ﬂare star in
the optical for more than four decades [Lee & Hoxie, 1972]. Nonetheless, we are not aware
of any radio detections of Ross 128 presented in the literature, although radio observations
yielding upper limits have been reported [White et al., 1989, and others]. It may still be
possible that non-thermal radio emission is originating from this star and could even be
detectable given the star’s close proximity to us. Also, radio ﬂares from other M dwarfs
have previosly been seen, the most well known example is AD Leo[Osten & Bastian, 2006],
a young M dwarf at 5pc away.
On 2017 May 12th, Mendez [2017] observed a group of red dwarfs (including Ross 128)
with the 300 meter telescope at the Arecibo Observatory (AO), in a search for non-thermal
emission possibly associated with exoplanets in these systems. We note that no exoplanets
were known in the Ross 128 system at the time of the observations, nevertheless, it was
recently discovered to host an exo-Earth orbiting at the inner edge of the habitable zone
[Bonﬁls et al., 2017]. Mendez [2017] detected anomalous unpolarized radio emission during
the observation of Ross 128 lasting for the full 10 min observation and spanning frequencies
between 4.6 and 4.8 GHz. The observed emission has similar morphology and dispersive-
like features to those presented by Osten & Bastian [2008] on AD Leo, but those emissions
were between 1100 and 1600 MHz and were highly circularly polarized.
Mendez [2017] suggested that the emission was not likely to be local radio frequency
interference (RFI) since it was not detected during observations of other stars preceding and
following Ross 128. However, Mendez [2017] was unable to determine conclusively whether
the emission seen during the observation of Ross 128 was either associated with the star,
was due to another source along the line of sight or was caused by RFI. The serendipitous
potential detection of radio emission from this source encouraged a re-observation by the
Mendez group. New observations were carried out on July 16th with Arecibo.
In order to investigate the possible stellar nature of the Ross 128 emission, the Break-
through Listen Team joined in this campaign and observed Ross 128 simultaneously with
Arecibo using the Green Bank Telescope (GBT) and its C-band receiver (4−8 GHz). Here,
we brieﬂy report on the observations carried out with the GBT during this campaign. We
also present analysis of Breakthrough Listen archival data on this same source using the
L-band receiver (1.1-1.9 GHz) of the GBT, this data was previously used for a SETI ex-
periment [Enriquez et al., 2017]. The data used for this work, along with plots of spectra
across the full GBT bandwidth, is available online1.
1 seti.berkeley.edu/ross128
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3.2 BL observations
On 2017 July 16, the Breakthrough Listen Team conducted C-band (4–8GHz) observations
of Ross 128 using the GBT. The current Breakthrough Listen digital back-end [MacMahon
et al., 2018] is capable of operating over the full 4GHz span of the receiver simultaneously.
The Breakthrough Listen back-end is unique in the sense that it can record time series volt-
age data across the full band, allowing arbitrary time and frequency resolution depending
on science needs. For the case of C-band observations, the storage needs correspond to 120
Gbps for the raw data.
During the campaign we conducted three ﬁve minute observations of Ross 128 inter-
leaved by ﬁve minute observations of an OFF source star (Hipparcos 55848). This set of
observations was followed by a 15 minute on-source observation of Ross 128.
Currently three standard data products are produced from each observation [Lebofsky
et al., 2017]; one high frequency resolution product primarily for SETI analysis, one high
time resolution product for broadband fast transient applications, and one intermediate
frequency resolution for other astrophysical radio emission. The high resolution ﬁlterbank
products are about 50 times smaller than the raw voltage data, and the intermediate
resolution products are about 7 times smaller still. All the diﬀerent data products are
stored permanently and will be publicly available online.2.
For this analysis we have used the intermediate frequency resolution product, which has
a one second time resolution and three kHz frequency resolution, both well matched to the
phenomena under investigation. The bandpass of the C-band and polyphase ﬁlter applied
to the raw data for channelization was removed by simply dividing by the median value of
the time variations for a given frequency channel.
The current Breakthrough Listen SETI search pipeline, as described by Enriquez et al.
[2017], is optimized for the detection of narrow-band Doppler-drifting signals. Since the
emission reported by Mendez [2017] is broader and more complex in nature, we perform
a by-eye comparison of the ON and OFF observations, in a search for emission uniquely
coming from the direction of Ross 128. No such emission is seen in our data.
Based on a conservative estimate of sensitivity from a typical C-band system equivalent
ﬂux density of 10 Jy, we calculate a 3σ upper limit of ∼500mJy for impulsive emission at
these time and frequency scales. The sensitivity of the GBT at C band is comparable to
that of Arecibo. Mendez [priv. comm.] reported a 1σ sensitivity of 0.12 Jy for impulsive
emission.
Figure 3.1 shows a representative example of our observations of Ross 128 and the
oﬀ-source HIP 55848. We show here the frequency range between 4.5 to 4.9 GHz which
corresponds to part of the region where Mendez [priv. comm.] detected emission (4.6-4.8
GHz). The common spectral features seen on both Ross 128 and HIP 55848 are examples
of interference and instrumental eﬀects. From our observations it is evident that there is no
2https://seti.berkeley.edu/listen/
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Figure 3.1: Waterfall (time/frequency, Stokes I) plots from representative ﬁve minutes
observations of Ross 128 and HIP 55848 from the GBT campaign discussed
herein. The two frequency ranges shown correspond to two 187.5 MHz subsets
of the total 4 GHz band observed.
distinct presence of any emission isolated to Ross 128. We point out that the morphology
of the emission seen betteen 4.75 and 4.8 GHz is similar to that of a Single Sideband
Suppressed Carrier [Proesch, 2017], widely used for communications applications.
3.3 Archival data
Ross 128 was observed on 2016 May 16 with the L-band receiver on GBT as part of the
regular Breakthrough Listen targeted search for extraterrestrial artiﬁcial radio emission
[Isaacson et al., 2017; Enriquez et al., 2017]. These observations were carried out using a
similar ON-OFF approach as the one used for the C-band observations.
We took the available data at the optimal frequency resolution (same as described
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here for C band) for this project and inspected these data for broadband emission as
well. No such emission was found in our observations at similar sensitivity to the C-band
observations.
3.4 Discussion and Conclusion
We see no evidence for any non-thermal radio emission during either our recent GBT C-
band observations of Ross 128, or in archival GBT L-band data. However, our observations
were of limited duration and we can not constrain the emission observed in the Mendez
[2017] observations to be either astrophysical in nature or RFI. If Ross 128 does indeed
produce detectable non-thermal radio emission it could well be intermittent and require
substantial follow-up to conﬁrm.
We note that one possible source for the emission detected by Mendez [2017] could
be a broadband radio signal from an artiﬁcial satellite. Figure 3.2 shows the position of
geosynchronous satellites around the direction of Ross 128. The satellite locations were
derived from Two Line Element(TLE)3 sources provided by the online space situational
awareness (SSA) services, open to the public, provided by the U.S. Strategic Command
(USSTRATCOM)4. The position of the Arecibo Observatory and the observation time of
the claimed detection (May 05th 2017, 00:53 UT) were used as reference for the satellite
positions. Only those satellites speciﬁcally emitting in C-band frequencies are shown.
We note that the presence of RFI within the same band observed in the Mendez [2017]
work shows that this band is (at least at the time of the observations) occupied by inter-
ference, and raises the likelihood that the Mendez emission is indeed due to RFI.
This work shows the potential for using the Breakthrough Listen backend as well as
existing observations to look for ﬂare emission from nearby stars. Access to the raw voltage
time series data enables us to optimize the frequency and time resolution of the ﬁlterbank
data products to match the needs of the analysis. In future work, we plan to look for ﬂare
emission in all the existing Breakthrough Listen data.
Acknowledgements
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Figure 3.2: Position of known satellites with radio transmitters operating between 4-8
GHz. The location of Ross 128 is (ra, dec) ∼ (177o, 1o). Each blue symbol
has a Satellite Catalog Number from the NORAD Catalog (also known as
the NASA Catalog), information on individual satellites can be found here:
https://nssdc.gsfc.nasa.gov/nmc/
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One thing I have learned in a long life: that all our science, measured against reality, is
primitive and childlike – and yet it is the most precious thing we have.
– A. Einstein 1951, in a letter to H. Mühsam
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In preparation1
Abstract
A fast response system is very important for multi-wavelength follow-up of fast
transients, also localization of these events is important for understanding of
their origins. LOFAR with its TBB system oﬀers the special opportunity to
point a radio telescope at a transient even before it went oﬀ, by buﬀering the
raw signal for a few seconds. This data can then be used oﬄine to localize the
pulse direction with high angular precision. The Fast Radio Transient Search
(FRATs) project is designed to swiftly react to transient detections from internal
or external triggering systems, and to pin point their location of these enigmatic
sources. Here we present an oﬄine pipeline using TBB data developed for the
localization and detail analysis of FRBs and other radio transients.
1An older version of this chapter appeared also in ter Veen [2015, ; Ch. §4]. The main contributor to
this chapter is the author of this thesis.
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4.1 Introduction
One of the most mysterious radio sources in current radioastronomy are the Fast Radio
Burst (FRBs). There are broadband millisecond radio pulses that for the exception of
FRB121102, seem to appear only once. These are bright sources with ﬂuence ranging from
a few to hundreds of Jy ms. It is believed that these sources could be extragalactic given
the large dispersion measures (DM).
Despite their growing numbers, until recently there were as many models to explain their
origin as there were FRBs. Localization is probably the main problems to tackle. This
is evident from the numerous discoveries recently done from FRB121102 after knowing its
precise location [Keane et al., 2016]. However, it is still open to debate if this source is a
typical FRB or a diﬀerent type of astrophysical source.
Most FRBs have been detected with radio telescopes having relatively large ﬁelds of
view, and until recent mainly with single dish telescopes. These usually give a poor con-
strain on their sky location due to their low angular resolution. It is also diﬃcult for single
telescopes in particular to determine if the pulse has come from their sidelobes, which
could hinder the true spectral properties of the burst as discussed in the ﬁrst detection
of FRB121102 [Spitler et al., 2014]. To this day, localizing bursts from a sidelobe is not
possible for most telescopes.
Another limitation of most conventional radio telescopes is their relatively slow respon-
siveness to external alerts. From the slew times alone this could take up to a few minutes.
Thus, follow-up with additional telescopes is limited. Having this ability is important for
multi-wavelength follow-up of these events.
To study this kind of short signals in great detail, the LOFAR radio telescope is equipped
with ring buﬀers in all its hundreds of receiving elements, in the so-called Transient Buﬀer
Boards (TBBs). LOFAR is a phased-array telescope which can compensate for these limita-
tions just discussed. Its large ﬁeld of view coupled with the digital nature of its observations,
gives it the capability to respond quickly to alerts, as well as ways to identify and localize
signals coming from even the sidelobes of the telescope.
The FRATS project presented here has been developed for the search of fast radio
transients. These could be of short duration with dispersed properties such as the highly
dispersed Fast Radio Bursts (FRBs), that are thought to be of extra-galactic origin, or
Rotating Radio Transients (RRATS), that are likely pulsars with long nulling times in
which no pulses can be seen. The FRATS project intends to use the LOFAR capabilities,
in particular the TBBs to utilize the ﬂexibility this novel instrument can provide.
In this work we focus on presenting a method using the TBBs for the analysis of
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transient events. The main interest being the capability of localizing transient events with
great precision. In Section 4.3 we describe the steps our pipeline takes to validate and
localize the candidates. In Section 4.4 we show some examples that serve as proof of
concept of how our pipeline can archive the goals of our project. Section 4.5 presents a
discussion of future improvements and implementation as well as our conclusion.
4.2 Project Background
In this section we introduce the LOFAR telescope and its components. Also, we describe
the FRATS project.
4.2.1 LOFAR and TBBs
The Low Frequency Array (LOFAR)[van Haarlem et al., 2013] is a digital radiotelescope
designed for fast response and parallel observations. It consists of ﬁxed dipoles (with two
orthogonal polarizations) distributed around several European countries, with the center
and largest concentration located in the Netherlands. The array is organized in stations.
In this work we use data from the stations in the LOFAR core2, but we plan to extend our
use to the rest of the LOFAR stations in the future.
LOFAR has two types of antennas. The Low Band Antennas (LBAs) and High Band
Antennas (HBAs) are sensitive at the ranges between 10-90 MHz and 110-240 MHz respec-
tively. Each station contains 96 LBAs and 48 HBA tiles. Only one type of antenna can be
used for a given observation. The LBAs have optimal sensitivity above 30 degrees elevation
due to their shape [Krause, 2013]. For the case of the core stations, HBA antennas are di-
vided in two substations. Each substation has 24 tiles, each with 16 uniformly-distributed
antennas. Every HBA tile serves in principle as a single element, since its individual an-
tennas are phased together by an analog beam-former in the direction of the observation.
This tile-beam is mainly sensitive within ∼ 20° of its phase center. Thus, depending on
the type of antenna used, we are sensitive to diﬀerent amount of sky coverage3.
The two main observing modes supported by LOFAR are interferometric imaging and
beamforming, which can also be used simultaneously. The data is ﬁrst beamformed at
the station level in one or more Sub-Array Pointings (SAPs). These can be beamformed
together either incoherently into Incoherent Array Beams (IABs), or coherently to form
Tied Array Beams (TABs). The third observing mode is a novel feature of LOFAR: the
Transient Buﬀer Boards (TBBs). TBBs are ring buﬀers that contain the raw voltages from
each active dipole separately before the signal goes to the correlator4. The TBBs can be
2Stations within 2 km from the LOFAR center in the Netherlands.
3For practical purposes, we call in this paper "all-sky" to the region each type of antenna is sensitive to
4A supercomputer (previously) or GPU computer cluster (currently) located at the Rijksuniversiteit
Groningen.
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used in stand alone mode or in parallel to other LOFAR modes. Their use does not interfere
with other LOFAR operations.
The TBBs continuous recording can be frozen manually or by triggering software, and
the data can then be saved to disk for oﬄine processing and analysis, as described in
[ter Veen, 2015, Ch.2]. A single TBB data ﬁle contains the raw data of all the antennas
in a station. Diﬀerent modes of saving the data are available depending on the science
goals. The Cosmic Ray Key Science Group, for example, saves only a few milliseconds
of data, minimizing the down time from writing the data to disk, as well as data size
[Schellart et al., 2013]. On the other hand, for this project we save the full data available
to maximize bandwidth usage on dispersed pulses. In terms of data size, we store around
200 GB/station or 4.7 TB for a single event while only using the core stations. This is an
important logistic factor to be tacking into account when designing a pipeline that analyses
this data type (see Section 4.3).
The TBBs can hold, at every given moment, the last ﬁve seconds of raw data at full
sampling rate. This means the data can be used at the highest time resolution as well as over
the full LOFAR frequency range independent of the concurrent observation parameters.
This also means that the same TBB data is not limited to a speciﬁc mode LOFAR is
observing in5, but can be processed in every standard observing mode.
The TBBs also have a sub-band mode. Here the TBBs contain the data after being
channelized by a digital ﬁlter. The time gain from the bandwidth reduction is approxi-
mately linear. For instance, using a 20 MHz bandwidth results in a ﬁve fold increase on
the time stored. This mode is not yet integrated in the system, but work is under way on
this mode to be deployed as part of the Apertif project [Maan & van Leeuwen, 2017], when
available it could also be used by FRATS.
For more detailed information about LOFAR, see van Haarlem et al. [2013], and about
the TBB data acquisition, see [ter Veen, 2015, Ch.2].
4.2.2 The FRATS project
The FRATS (Fast Radio Transient Search) project, is designed to look for sub-second time
scale transients at LOFAR frequencies. This project aims for a swift reaction to triggers
of fast transients from systems internal or external to LOFAR. It is intended to provide
an immediate low frequency radio follow-up of telescopes observing at higher frequencies,
or for a detailed identiﬁcation of a source triggered internally by LOFAR systems. This
detailed identiﬁcation could be done by providing a higher frequency and time resolutions,
as well as providing an improved sky localization. The TBBs are central to the FRATS
project because of their ﬂexibility and immediate reaction to triggers. Their use allow us
5It is limited by the type of antenna used.
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to have access to the time where the transient would be, which is generally unavailable to
standard (radio)telescopes doing follow-up studies.
4.2.2.1 Real-Time Search
For the ﬁrst stage of the project, we have used a custom made algorithm for transient
detection in real time. This trigger system has been developed for the FRATS project and
is described in detail in ter Veen [2015](Ch.3). We give here a brief description.
The FRATS Real-time Pipeline (FReaP), is the real-time search algorithm developed
to maximize the observing time and the sky coverage in order to improve the chances
of detecting these rare events. The observing time is maximized by having commensal
observing during other independent LOFAR observations. Additionally, the sky coverage
is maximized by using one or more SAPs, which have a large Field of View (FoV)6. The
SAPs are always available when having beamform observations, but can also be created in
parallel when having interferometric ones.
FReaP uses the SAP data in real time to perform a search for radio pulses that follow the
dispersion law. It checks for hundreds of Dispersion Measure (DM) values. The observing
band is divided into ﬁve subbands to do the search independently. A trigger is raised once
a detection is found in at least three of the ﬁve bands. Figure 4.1, shows an example where
pulsar B0834+06 was detected.
Once a pulse candidate is detected, a trigger message freezes the TBBs within half a
second. It also sends an automatic email warning with some diagnostic plots. If the cause
for the trigger looks interesting enough, we can then manually command to save the TBB
data to disk for oﬄine analysis.
4.2.2.2 First results
We have summarized the results from initial pilot projects in ter Veen et al. [2019] and in
Chapter §5 of this Thesis. There, diﬀerent pilot surveys during commensal observing were
described. We also presented initial limits on FRB rates from the FRATS project. We
ﬁnalized with a discussion on several approaches for future FRATS projects.
4.2.2.3 TBB localization and detailed analysis
This work focuses on the TBB data analysis of the transient candidate events that can
potentially be detected in future surveys. The pipeline is described in Section 4.3. Section
4.4 shows examples detected with FReaP during initial observations, these serve as proof
of concept of how the TBB analysis could help improve localization and pulse properties
of any putative FRB in future potential detections.
6The FoV of a SAP is 8o for 180 MHz , and 18o at 120 MHz.
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Figure 4.1: Dedispersed timeseries in ﬁve subbands during HBA LOFAR observation.
It shows several periodic pulses from B0834+06. The bands are shifted with
respect to each other corresponding to the delay between the bands [ter Veen,
2015, Fig 3.2].
4.3 Validation and Localization of Fast Radio Tran-
sients
TBBs are a unique feature of LOFAR. Having the raw data for individual antennas gives
us great ﬂexibility. We can repoint the telescope in any direction. We can use the highest
angular resolution available for the LOFAR conﬁguration. We can also use the highest time
or frequency resolution possible. We can use the dual polarization information. Finally, we
can inspect each antenna for instrumental glitches.
These properties give us the ability to better validate and localize a real fast radio
transient, as well as looking in detail at their low frequency and millisecond-scale properties.
For the localization of fast radio transients we developed a pipeline and a series of tools
that allow us to use TBB data for our project. In this section we present the tools and
steps we take in the pipeline to use TBB data to validate and localize transients.
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Figure 4.2: General structure of the TBB analysis pipeline. Cylinders represent data
structures. Gray rounded squares are the standard processing steps (Sections
4.3.3 and 4.3.5). Cyan rounded squares represent an optional module used
for validation of LOFAR based triggers (Section 4.3.2). Light-orange rounded
squares represent an optional module used for initial identiﬁcation the pulse
proﬁles (Section 4.3.4). Red squares contain input information. Solid lines
show processes always applied to the data. Dashed lines show processes ap-
plied depending on the setup. Dotted lines show cases where only information
about the LOFAR observation, trigger parameters, or updated parameters of
pulse characteristics are given.
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4.3.1 Structure of the FRATS-TBB Analysis Pipeline
The pipeline has been structured around our science goals, by keeping into consideration
the ﬂexibility of the TBB data, as well as around the logistics of using big data sets, and
the optimization of the required computational power. Figure 4.2 shows the structure of
a pipeline for TBB analsys under the FRATS project. Here we give a general description,
followed by speciﬁc details of current and potential (sub)modules in the next subsections
ordered by data ﬂow.
The pipeline is divided in three main sections, one standard and two optional. The
standard modules correspond to the minimum steps necessary for detecting and localizing
a transient with the TBBs. These steps (shown in Figure 4.2 as gray squares) are thus
always performed. They are subdivided in two modules. The ﬁrst one, combines the signal
of individual antennas into their corresponding stations denoted as BEAMs, as in Section
4.3.3. The second module, combines the signal of the stations into a TAB or image for the
ﬁnal localization and analysis of the transient candidate. It is discussed in Section 4.3.5.
Depending on the type of the trigger, we can also use the two optional modules. The ﬁrst
(cyan squares in Figure 4.2) checks for false positives when the triggers come from LOFAR
itself (Section 4.3.2). The second module (orange squares in Figure 4.2) is used when the
trigger does not contain precise or suﬃcient information about the transient (arrival time,
sky location, DM, and so on; see Section 4.3.4). This could happen for instance if the
transient is detected at other wavelengths (ie. SWIFT - X rays do not show a measurable
DM).
This pipeline uses TBB data to analyse and localize millisecond-scale transient events
with custom-made software tools. Our tools are designed under the PyCRTools framework
described in Schellart et al. [2013]. It wraps C++ low-level functions in Python, where the
higher-level tools are developed.
4.3.2 Optional: Initial Validation of LOFAR triggers
This section describes the optional module in the pipeline that validates the received FReaP
triggers (see Figure 4.2, cyan boxes). It is composed of a series of steps that determine
if the signal comes from a real sidereal source, and if it is of interested to our project
(i.e. not looking for solar ﬂares). The pipeline uses the unique capability of the TBBs
to self-check the LOFAR observations. This validation is done by rejecting false positives
which could originate from, for example, power spikes from single antennas, solar ﬂares,
and lightning. These steps are computationally cheap since one can use lower time and
frequency resolution, or a subset of antennas or stations, depending on the type of false
positive one is looking for and the signal strength. We can avoid using signiﬁcant resources
for easy-to-ﬁnd false positives this way. This module is typically run before the standard
one, but the results are not given back to the standard pipeline. If a false positive is
detected, the pipeline is terminated.
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4.3.2.1 RFI Identiﬁcation
The ﬁrst step of this module looks for Radio Frequency Interference (RFI), and checks if it
could be the cause of a false candidate. Even tough the RFI environment around LOFAR
is mostly quiet [van Haarlem et al., 2013], there are transient RFI signals which can be
mistakenly labeled as transient candidates by FReaP. In order to ﬁnd the false candidates,
we aim to reproduce the trigger circumstances. The pipeline ﬁrst uses the region of the
data that contains the transient candidate. It takes the frequency range used in the LOFAR
observation and the time range (taking the DM into account) where the pulse should be
found. This input information is taken from the settings of the LOFAR observation and
from the FReaP trigger message.
The RFI search is done by a tool developed for the Cosmic Ray pipeline [Schellart
et al., 2013]. Here, the FRATS pipeline uses diﬀerent threshold values, as well as a slightly
modiﬁed version of this tool, in which we create more inspection plots which help quickly
determine the nature of a signal. Figure 4.6 shows an example of these type of plots.
To look for RFI, ﬁrst the frequency information is extracted from the raw timeseries
data. The raw TBB data is stored as timeseries of voltages, and a Fourier transformation
is applied to blocks of the data to make a power spectrum. The frequency domain is then
represented with complex values. The detection of narrow-band RFI is done by looking at
the phase information. For a given frequency, the phase diﬀerence of a pair of antennas
will be constant and long lasting if there is a RFI signal. A stationary terrestrial radio
transmitter can be found with this method since the location would be constant with
respect to LOFAR antennas.
A dominating sidereal source, such as the sun, will also be detected by this method,
but over a large continuous range of frequencies. One can then identify this type of false
positives using an all-sky imager (descibed in Section 4.3.2.3) to localize it and then compare
it to bright known radio transient sources. This method of identiﬁcation would not be useful
for a broadband dispersed pulse (e.g. FRB) due to their typical few millisecond durations
[Thornton et al., 2013].
In case, the signal is desired. One can avoid ﬂagging it by using other types of RFI
excision. For example using a standard threshold ﬂag with respect to the baseline, or by
the statistics in a single frequency channel as is used for the FReaP trigger [ter Veen, 2015,
Ch.3].
4.3.2.2 Bad Antenna Identiﬁcation
At rare occasions, the LOFAR antennas show short duration malfunctions which result in
spikes in their output power. Antennas whose behavior diﬀers from the rest (hereafter “bad
antennas”) can lead to false triggers.
To identify the bad antennas, the pipeline compares the power (after RFI removal) of
each antenna. It integrates the power spectrum along the frequency range used to produce
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the FReaP trigger. Any antenna that has more power than
√
N times the median power of
the antennas in a station, is ﬂagged as a bad antenna. Where N is the number of antennas
used in a given station. Antennas with a power above this threshold can cause a FReaP
trigger.
If bad antennas are detected, the antenna behavior can be studied by means of several
diagnostic plots in order of identify the cause. An example of such a plot is shown in Figure
4.6. Section 4.4.1 describes an example of this type of false triggers. The unique ﬂexibility
of the TBB data also allows us to ﬂag bad antennas to be able to use the rest of the data.
4.3.2.3 Wide-Field Imaging: By Interferometry
The previous steps in this module are able to identify false triggers that are related to the
instrument. This step allows the spacial identiﬁcation of signals in the celestial sphere, even
if the signals are coming from the station sidelobes. These events can be artiﬁcial (strong
RFI), or from sidereal source with no relevance for our science goals (solar or jovian ﬂares,
lightning, etcetera).
If the RFI identiﬁcation detects a source over a large bandwidth, we can use an all sky
imager using standard interferometric techniques7 to determine the origin of the source.
This imaging method is applied in individual stations, and is faster than others if using the
full data set, however its use is limited since it does not correct for dispersion. In Section
4.3.4.4 we use a diﬀerent approach that can create wide-ﬁeld images taking into account
the DM and the short time duration of a pulse.
4.3.3 Standard: Processing at the Station Level
This is the ﬁrst part of the standard module of the pipeline. If the ﬁrst optional module is
not used, then this is the beginning of the analysis. Here the regular calibration and RFI
ﬂagging are carried out. Also, data volumes are reduced by beamforming the antennas of
each single station in the best estimate of direction of the transient.
4.3.3.1 RFI excision
The ﬁst step in this module is RFI excision. The pipeline uses the same RFI ﬂagger
mentioned previously in Section 4.3.2.1, but now on the full bandwidth available, and at a
higher frequency resolution8. Also, it uses a diﬀerent threshold for detecting bad antennas
of more than twice or less than half the median of the clean integrated power. With this
new threshold the pipeline also removes antennas that can increase the noise level even
though their increased power was not large enough for a false positive. A discrimination
of antennas with zero power as “dead antennas” is also implemented. This is a useful
7Adapted from Jana Koehler’s PhD work at the Max Plank Institute for Radio Astronomy in Bonn.
8Commonly ∼ 3 KHz per channel.
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distinction since dead antennas do not contribute to any excess noise, but only to the
average power.
Figure 4.3: Diagnostic plot showing the power spectrum of each indidual antenna for a
single HBA station. The "dead antennas" appear as blue horizontal lines,
strong RFI shows as red spikes.
In the HBA band, there are some frequency regions with persistent strong RFI. One
region is at the lower end of the HBA band, which corresponds to the FM radio band. The
other one is a narrow region around 170 MHz used for an emergency pager (see Figure 4.3).
To eliminate the contamination from those regions all the data below 110 MHz is always
ﬂagged. Also all the data between 169-171 MHz is ﬂagged since the strong RFI line may
leak to adjacent channels. The last region which is always ﬂagged is between 190-200 MHz
since the sensitivity of the dipoles drops and could create bad baseline ﬁts (Section 4.3.3.3).
The pipeline compares the RFI of the ﬁrst and last 0.1 seconds of TBB data. This way
the computation is minimized and only the continuous RFI lines are ﬂagged. This method
removes all the strong RFI and most of the weak RFI, additional RFI removal at the pulse
location using other methods is done at a later stage (Section 4.3.5.1).
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4.3.3.2 Initial Phase Calibration
Before the data is ready for processing, diﬀerent calibration steps need to be taken into
account. They can be either at the intra- or inter-station levels.
At the intra-station level: the signal path delays (or “cable delays”) between antennas
are corrected up to the sample level accuracy (∼5 ns), by applying the time diﬀerence
directly to the time series before recording the TBB data. The sub-sample resolution
correction uses standard LOFAR calibration tables which are generated regularly [van
Haarlem et al., 2013]. This correction is implemented by applying a phase gradient to the
Fourier transformed data of each dipole.
At the inter-station level, most calibrations depend on the station type (core, remote
or international). For the core stations the timing is done by a central rubidium clock
connected by optical ﬁber cables to all individual stations. While the remote and interna-
tional stations use a GPS system to sync their own clocks. TBB data receive a time stamp
when written to disk. The time delay from the single clock to the core stations is measured
periodically and tables are available to correct for this oﬀset.
Another time diﬀerence between stations comes from the fact that the TBB data ﬁles
start at a slightly diﬀerent time, because of the internal working of the dump process. The
station that starts recording latest is used here as the one with the reference zero time. A
possible oﬀset between antennas within a station is already corrected automatically by the
PyCRTools software when the data is read from disk.
The ionosphere also creates a phase gradient between stations. This oﬀset is challenging
to correct at these frequencies (even worse for LBA observations). The ionospheric eﬀect is
more pronounced for larger baselines, and it mainly aﬀects remote or international baselines.
In Section 4.3.5.1 we describe how we attempt to calibrate this eﬀect.
4.3.3.3 Flux Calibration
There are many factors that aﬀect a ﬂux measurement from LOFAR observations. Schellart
et al. [2013] show that the sky noise for the LBAs is dominated by the Galaxy, and thus the
relative noise level can be calibrated as a fuction of the Local Sidereal Time (LST). The
case of the HBA is more complicated, since multiple bright astronomical sources (e.g. Cas
A) dominate regions of the sky. Nelles et al. [2014] show that a 15% variation in the noise
level is expected. Fortunately, eﬀorts are underway to have an absolute ﬂux calibration for
LOFAR. Nevertheless, we note that an absolute ﬂux measurement, even if desired, is not
necessary for the localization of transient events. We consider it suﬃcient for this step to
use a relative ﬂux correction.
There are also gain diﬀerences between the stations and tiles to take into account. The
relative gain between the individual tiles of a station are corrected by using the LOFAR
calibration tables produced regularly by the observatory according to the method by Wi-
jnholds & van Cappellen [2011b]; Wijnholds & van der Veen [2009]. For the case of the
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relative gains between stations, data from the MSSS Survey [Heald et al., 2015] have shown
diﬀerences of ∼ 5% between the stations.
Another eﬀect is the overall spectral response or bandpass of the LOFAR antennas. van
Haarlem et al. [2013][Fig. 20] show the normalized global bandpass or total system gain.
This can be measured by calibrating on a bright source with known spectrum proﬁle.
The current pipeline setup does not assume nor correct for a measured or expected
spectral index of the radio source. Instead, the pipeline performs a simple baseline correc-
tion to make the frequency response ﬂat. It uses a tool developed for TBB data which ﬁts
the spectral baseline using either a polynomial or spline function. It calculates a smooth
baseline from a spectrum with the edges clipped and RFI removed, which is then applied
to the TBB data to create a ﬂat frequency response. Nonetheless, more accurate bandpass
calibrations are possible by for instance adding the contribution of the Milky Way.
4.3.3.4 Station Level Beamforming: BEAM
After the calibration corrections are applied to the data, the pipeline beamforms each
station separately in the best estimate of the direction given by the FReaP trigger. During
the pilot projects described in in Chapter §5, [also see, ter Veen et al., 2019], the pointing
used had an angular resolution equal to a SAP9.
Beamforming is performed by applying phase oﬀsets in the frequency domain. The
oﬀsets depend on the antenna-dependent geometric delays as a function of frequency. This
calculation is done for each station or substation separately, where the cable delay is known
down to the subsample level (as discussed is Section 4.3.3.2). If the correct phase oﬀsets
are applied, the signal-to-noise ratio (SNR) increases linearly with the number of antennas
as expected for coherent addition. Figure 4.4 shows this for a single LOFAR station. The
data used for this plot is presented in detail in Section 4.4.3.
For this software it is possible to beamform by using diﬀerent phase centers. This
gives the ability to combine the data at a later stage in diﬀerent ways (for imaging or
beamforming). The current standard is to use the center of LOFAR10 as phase center
(Section 4.3.5.3). This is used to create standard SAPs or TABs by simple addition of the
stations. If instead the center of each station is used as the phase center, then one can use
each station as a single “dish” for imaging (Section 4.3.4.4).
The main data product from beamforming is a custom-made array structure with the
data stored as complex voltages. We name this data product “BEAM” for short reference.
It also contains header information related to the observation and the previous processing
(calibration) done to the data. The BEAMs are handled in a dynamic way by an interface
part of PyCRTools where some properties of the BEAM can be modiﬁed (DM, ﬂagged
RFI, etcetera). Every time a BEAM is read, some of the calibration information is applied,
9The FHWM at 150 MHz is 3.8 deg
10The center of station CS002 [van Haarlem et al., 2013].
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Figure 4.4: Coherence measurement within a LOFAR station. Three pulses from pulsar
PSR B0329+54 were used, named here simply as Peak 1, 2, and 3. Peak 1
corresponds to the pulse in Figure 4.11. The dashed line has a slope of unity.
these include DM, and ﬂagged channels from RFI. This interface allows for the interaction
with the data in a similar fashion as the TBB interface does [Schellart et al., 2013]. We
denote this data type in Figure 4.2 with a cylinder just as is the case of TBB data.
In principle, it is possible to beamform with all antennas of all stations at once, but
this is not a practical use of resources. Combining the antennas of each station ﬁrst into
a BEAM is useful for three reasons: 1) Part of the calibration works on station level, and
can thus be calibrated and applied per station. 2) The data can be analyzed in parallel,
this is useful since initially the data is also stored on diﬀerent machines. 3) The reduced
data size makes it easier to handle the data, because storage and data volume are limiting
factors11.
Since the BEAMs are formed at the station level, this method reduces the data size
by a factor of N/(p ∗ c) , with N the number of antennas/tiles being combined (24 for a
core sub-station), p is the number of polarizations (usually two) stored separately, and c is
the diﬀerence in bitsize between data formats, currently 4 by using 64-bit data instead of
the original 16-bit format the TBB data is saved as. This brings the typical reduction to
11One ﬁve second TBB dataset of 24 station can be 4.7 TB.
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a factor 6. A further reduction is possible if only selecting the pulsed region in time and
frequency.
4.3.4 Optional: Initial Pulse Identiﬁcation
Having accurate pulse parameters helps us increment the signal output, as well as minimize
the computational power used. However, the information provided from a given trigger may
not be accurate enough. Depending on the nature of the trigger, some of these parameters
may not be (precisely) known (e.g. triggers from an X-ray telescope will not have a DM
value, and the time the pulse arrives at LOFAR frequencies will be unknown). Here we
present possible ways we can look for accurately identifying the transient pulse, some are
implemented and others are to be implemented in the future. This is another optional
module in the pipeline, if the pulse proﬁle is well known, then this part can be skipped.
4.3.4.1 Incoherent Beam
This part of the pipeline can be called after the BEAM ﬁles have been created. The BEAMs
are used to create an incoherent beam, IABBEAM. There are several motivations to use an
incoherent beam at this stage. In Section 4.3.3.2 we mentioned there are phase oﬀsets from
the station time calibrations and the ionosphere. These do not aﬀect the incoherent beam
as much as the coherent beam. The incoherent (no phase information) addition of the
BEAMs increases the sensitivity to have a factor
√
S, where S is the number of stations
used.
Another reason to use the incoherent beam is that it has the same FoV than the IAB
used to detect the FReaP trigger, this way we improve the chances to detect the transient
even if is not exactly at the phase center.
The incoherent beam or IABBEAM is created by only using the power information. It
uses higher frequency12 and time resolution13 than the ones used to create the FReaP
triggers. Thus, this IABBEAM is used to locate the pulse in DM, time, and frequency
(Section 4.3.4.2 and Section 4.3.4.3, respectively).
Before all the stations are added together, the pipeline checks for stations with total
power greater than
√
S times the median power of all the stations. Bad stations are very
rare, but one could go back to a misbehaving station and check if a single antenna is
responsible.
In order to have the complete signal here we add up the two polarization data together.
Besides the moderate SNR improvement, this is particularly useful when pulses are not
completely present in one polarization. This happens when a linearly polarized pulse
suﬀers from Faraday Rotation. See Section 4.4.3 for an example.
12FReaP uses 12 KHz while we use 3 kHz.
13FReaP uses 2 ms resolution in comparison with 0.3 ms used here.
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To improve the detection of the pulse, we increase its contrast with the surroundings
by dividing each frequency channel by its median. We called this a “cleaned dynamic
spectrum”, and this is only used for identiﬁcation at this stage of the pipeline.
4.3.4.2 Pulse Search: DM Search
Depending on the type of trigger, the DM search will either reﬁne a given DM value, or
will search for a wide range of DM values if no DM is known. This functionality exist only
in a preliminary form, and is not yet part of the pipeline, but we discuss here how this can
be done.
Currently, the FReaP trigger saves the ﬁrst DM where the pulse is detected, this usually
means that the reported DM is a few DM steps smaller than the real value. We can take
a range of ΔDM = 10 around the DM given and search for the DM with highest SNR, a
ﬁtting function can be used to ﬁnd the SNR as a function of DM. This search is envisioned
using a DM step of 0.05 pc cm−3, which is ﬁner than the one used in FReaP (0.3 pc cm−3).
Another possibility for lack of precision in the DM could be if the trigger comes from
other radiotelescopes (e.g Eﬀelsberg) that observe a higher frequencies, and thus are less
sensitivity to dispersion. Since the time delay caused at the given DM is stronger at lower
frequencies, it is possible to calculate a more accurate DM. This property is currently used
by the Pulsar Working Group of LOFAR to get precise values for known pulsars [Hassall
et al., 2012].
For de-dispersing the data, we have used the standard DM prescription given by Lorimer
& Kramer [2004]. We perform an incoherent de-dispersion meaning that the dispersion is
not corrected within a given channel. This could cause dispersion smearing, which lowers
the SNR, but this is minimized here given the ﬁner frequency resolution. This is given by
τDM = 8.3 B DM ν−3μs, where τDM is the smearing, B the bandwidth in MHz, and ν
the observing frequency in GHz. Then for a 3 kHz channel, the smearing would be 0.0187
DM[ms] at 110 MHz and 0.0036 DM[ms] at 190 MHz 14. Coherent de-dispersion is planned
for a future version of the pipeline.
4.3.4.3 Pulse Search: Time and Frequency
Once the best DM is found, the location of the maximum peak is used to ﬁnd the width of
the pulse by binning the data and selecting the contiguous bins with signals higher than
one sigma above the mean. This way we avoid having any a-priory assumption of the shape
of the pulse that could hinder the detection (i.e. by say ﬁtting a Gaussian with an expected
scattering tail to the data).
We note here that if the pulse proﬁle would contain multiple peaks (or other features),
this will not be detected directly at this point by our pipeline. The proﬁle is saved and
thus one could look at this in more detail manually. The pipeline also selects two regions
14For large DM pulses, we could choose an even ﬁner resolution.
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around each side of the beam, each with twice the width of the pulse as “sky” regions to
calculate the background noise, and check for additional features once the data is added
coherently (Section 4.3.5.3).
For large DM values in particular, the time delay caused by dispersion will be longer
than the time available in the TBB buﬀers (this will improve in the future where subband
buﬀering is available). This limits the range of frequencies containing the pulse. To max-
imize SNR, the pipeline also searches for this limited range where the pulse is present,
avoiding adding the frequencies where the pulse is not present. See Figure 4.11 for an
example.
4.3.4.4 All-sky Imaging: By Beamforming
Once the pulse location within the dynamic spectrum has been found precisely in time and
frequency (see 4.3.4.3), and the pulse proﬁle (DM) is well determined (see 4.3.4.2), one can
calculate a proper SNR for the pulse.
The pulse information is used to create an all-sky image in order to have an accurate
position (with low resolution) of its location. In order to make an image one uses a single
(sub)station, and thus the signal needs to be strong enough. We deﬁne this as SNR > 5
for a single station as otherwise the detection would be diﬃcult.
The imager used in this step is not the same as in Section 4.3.2.3, this time the pipeline
uses an imager based on tied array beamforming in each “pixel” direction. It was developed
by our group to be optimized for multicore systems (Tcomputing ∝ N−1cores if Npixels >
Ncores). It is also faster for short integration times [Horneﬀer et al., 2010, Sec. 3.1.2], which
we have after de-dispersion. It keeps full time and frequency resolution, but it also has the
ability to integrate over either or both if desired. Another advantage of this imager is that
we can make an image by using only the time and frequency data were the pulse is located,
saving a signiﬁcant amount computational power.
The main purpose of this step is to ﬁnd the rough direction of a pulse. There can be
cases where a signal is actually from a sidelobe of the telescope. The SAP beam angular
resolution is a few degrees, which is good enough at this stage. The location robustness
can be improved by repeating this step in a few stations separately, a minimum of three
stations is recommended.
In the case of the single HBA substations, their regular pattern creates grating lobes
that could be as strong as the primary beam. Thus, a single image is not enough to
determine the real location of the pulse. For each station, two or more wide-ﬁeld images
are created at diﬀerent frequencies. The images will show a displacement of the sidelobes
while the real source will not. The images are created at the maximum frequency diﬀerence,
this maximized the sidelope displacement and facilitates detection.
If the pulse is shown to come from a sidelobe, the standard pipeline can be restarted
with the updated values. The pulse identiﬁcation part of the pipeline can also be run since
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there will be likely more signal that had “fallen out of the beam” and is now available. See
Section 4.4.2 for an example.
Finally, if the derived direction is found to be within ∼ 3° of the phase center, the
original BEAMs can still be used, otherwise they will need to be recalculated towards the
updated direction.
4.3.5 Standard: Pulse Localization and Characterization
The ﬁnal part of the pipeline is the pulse localization and characterization and creates
the ﬁnal products for scientiﬁc analysis. This part of the pipeline is only started after
a rough direction is known. It takes the BEAM data products and output information
derived from the previous steps in the pipeline (standard or otherwise) It produces a high
resolution image for localization, and a high sensitivity Tied Array Beams (TABBEAM) for
analysis and characterization of transient candidates. This is achieved by coherently adding
the BEAMs from the separate stations.
There may be some weak RFI that was not ﬂagged previously (Section 4.3.2.1). This
time, only the “sky” regions around the de-dispersed pulse are searched (see Section 4.3.4.3).
The pipeline uses two additional types of RFI identiﬁcation which are diﬀerent from the
one described in Section 4.3.2.1. The ﬁrst one uses, for each individual channel, the ratio
of the sum of the square of the power by the square of the sum of the power, this is the
same technique used by FReaP. The second is a more standard approach where a baseline
is ﬁt to the power spectrum and peaks above a threshold can be identiﬁed. This tool is an
extension from the baseline ﬁt approach in Section 4.3.3.3.
4.3.5.1 Inter-Station Phase Calibration
The inter-station phase stability of LOFAR is aﬀected by several factors. The ionosphere
can cause phase variations of the order of a radian over 15 second time-scales for the case of
the HBAs at the NL baselines [van Haarlem et al., 2013]. For the case of core stations this
is much reduced since they are usually under the same ionospheric bubble. For the case
of remote and international stations, there is an extra time drift that comes from the GPS
correction of the station clocks of about a radian per minute. Larger variations are seen at
LBA frequencies since the ionosphere contribution is dependent on frequency, increasing
toward the lower end. Thus, during regular LOFAR beamformed observations, the location
of a point source could wobble between adjacent TABs in the case of strong ionospheric
variations. For the TBB data, if this is not corrected, the localization can be oﬀ. Therefore
an inter-station phase calibration should be applied.
Phasing-up the LOFAR stations with BEAM data could be a challenging endeavor.
The short duration of the TBB data reduces the sensitivity of the observation and thus
the number of sources one can calibrate on. For a ﬁve second TBB data ﬁle, one needs
to calibrate on point sources which are at least ∼10 Jy in brightness. In the 10° x 10°
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MSSS veriﬁcation ﬁeld there were several sources above 10 Jy [Heald et al., 2015]. The tile
beam is even larger than this, thus we could expect such a source would be present in all
pointings.
This challenging problem is one that the pipeline needs development towards a robust
and reliable method. Several methods have been tested with diﬀerent levels of success.
Here we describe the most successful (see Section 4.4.3 for an example).
This method in the pipeline takes the de-dispersed complex voltage data for each station
and cross correlates each station with respect to a reference station. It uses only the data
where the pulse is located. The cross-correlation technique is applied in the following way.
It uses the pulse information which would be a few blocks wide. Each block is Fourier
transformed and multiplied by the complex-conjugate block of another station. An inverse
Fourier transform is applied to this product and then averaged with the other blocks. The
cross-correlation peak will correspond to the time oﬀset between the stations. This is
applied to the complex data as phase oﬀsets. Initial tests were found promising, and it
should be doable in the future to extend this method to the closure phase approach used
in self-calibration [Jennison, 1958].
Our tests have given reliable results when having a bandwidth larger than 5 MHz and
a SNR larger than ∼5-10 per station. This puts a limit on the strength of a pulse found by
FReaP. Since FReaP uses the IABs to do the search, the limit correspond to SNR > 5∗√S,
with S the number of stations.
This self-calibration technique has proven to be eﬀective for removing phase oﬀsets for
bright pulsars at the phase center. If the source of interest is not bright enough for self-
calibration, one needs to rely on having a calibrator within the station beam. This method
has been tested with pulsar data shown in Section 4.4.3. BEAMs pointed at 1,2,3 and
4 degrees away from the pulsar were made. As expected, only the pointings within the
station beam show an stable beam pattern. We intend to use this method on calibrator
sources as well.
If the calibrator is outside the BEAM but within the tile beam, one could create new
BEAMs pointing in the direction of the calibrator, and apply the phase solution to the
transient BEAMs, as is done in standard imaging calibration.
4.3.5.2 High resolution Imaging - Localization
If the correct location of the pulse is known with a low resolution (Section 4.3.4), and if
there is a good inter-station phase solution(Section 4.3.5.1), we can make a high-resolution
image to localize the source more precisely. Here the pipeline uses the same imager as in
Section 4.3.4.4. Instead of using the antennas as input for an all-sky image, we now use the
BEAMs to create a high resolution image. To be able to use the same imager, the phase
center of the BEAM is moved from the center of LOFAR to the center of each station.
The image is then created by beamforming in the direction of each pixel. The image can
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be produced around the de-dispersed pulse in time and frequency to reduce computational
resources. The signal can be integrated over the full range of frequencies where the pulse
is located to maximize SNR, or in separate bands if one wishes to calculate an spectral
index. It can also be integrated over time to create a light curve of the rise and fall of the
transient.
In principle these images can have the best angular resolution for a given LOFAR
conﬁguration (i.e. within few arcseconds with Dutch stations, and sub-arcsecond if having
international stations). This information is crucial to pinpoint the direction of the transient
and to ﬁnd its astrophysical origin.
Once the image is created, it is also saved into ﬁts format. This allows the use of
standard software for ﬁtting the exact location of the pulse. Section 4.4.3 shows an example
of how high-resolution imaging is possible with our method (also see Figure 4.10).
4.3.5.3 Pulse Characterization
To characterize the pulse, the pipeline creates a coherent beam or TABBEAM, by combining
the BEAMs together. If the BEAMs are created by having them phase-centered at the
center of LOFAR, this is a simple addition. This increases the SNR linearly with the
number of stations, compared to the incoherent addition which scales with the square root
of the number of stations.
The increase of SNR helps uncover features in the dynamic spectrum, and can give a
better insight into the frequency and time evolution (i.e. fainter features of the pulse proﬁle
such as multiple peaks, scattering tails, spectral index, and so on). Section 4.4.3, shows an
example of how the characterization of a pulse is possible with our method (also see Figure
4.11).
The information of the two polarizations is also available, and thus one can calculate
the full Stokes parameters. This information is useful to discern the emission mechanisms
responsible. For instance, Petroﬀ et al. [2015] have shown the ﬁrst detection of circular
polarization of an FRB of 21±7%. Our analysis would be able to detect similar properties.
An interesting possibility comes by having the two polarizations available, one could
use them individually to measure the Faraday Rotation, Φ. This can give an estimate of
the average magnetic ﬁeld parallel to the line of sight, B||, between us and the source, by
means of Φ(λ2) ∝ λ2RM . The Rotation Measure (RM) is described by,
RM = e
3
2πm2ec4
d∫
0
ne(l)B||(l)dl (4.1)
where, d is the distance to the source, me and ne are the electron mass and density respec-
tively.
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In this section we show a few detections with the FRATS real time trigger algorithm
[FReaP; ter Veen, 2015, Ch.3]. These examples show the current capabilities of our pipeline
and the TBB data. They also serve as a proof of concept for veriﬁcation, localization and
detailed study of fast transients.
4.4.1 Bad Antenna Detection: HBA tiles
Accessing the signal from individual antennas is one of the main advantages of using TBB
data. In this example we show a peculiar event that was detected by FReaP, mimicking
a dispersed pattern with a DM of 12.75. This observation was done commensally during
observation L167143, an observation of the pulsar survey LOTAAS.
Figure 4.5 shows the dynamic spectrum as produced by FReaP from regular LOFAR
beamform data. In principle, from this ﬁgure one can see that the signal around second
4414 is not a regular dispersed pulse. However its origin is not clear, as non-dispersed pulses
could be terrestrial or from some part of the solar system (i.e. solar or jovian emission).
We thus continued with the analysis on the TBB data.
As mentioned in Section 4.3.2.2, we check for individual antennas that may show power
spikes. Figure 4.6 shows the power spectrum in logarithmic scale and with arbitrary units.
The blue line is the median power spectrum of all the antennas in station CS003. The red
line is the spectrum of one antenna that clearly shows a peculiar spike with some resonant
frequency.
This was the cause of this trigger, because by removing this antenna the signal from
Figure 4.5 disappeared. Our code produces this and other diagnostic plots automatically,
and they help us quickly sort out any false positives. This is a clear example of the ﬂexibility
of having access to the data from all the individual antennas.
4.4.2 Independent pointing: Solar Flare
During another commensal observation with the LOTAAS pulsar survey (L103773), the
FReaP real time trigger detected a peculiar emission at a DM of 43 pc cm−3. Figure
4.7 shows the original plot from the trigger software. The emission triggered is shown
around relative times 7111 and 7112, between 130 to 135 MHz. The trigger occurred due
to the highly non-Guassian behaviour of the dedispersed sub-bands created by the peculiar
emission, in combination with the normalization functions. Even though it is clear that
this signal is not an FRB or pulsar, it is also not clear that it is regular RFI. Thus, we
recorded TBB data for further analysis.
We used the TBB data of one station (CS003) to make two all-sky images at diﬀerent
frequencies. Figure 4.8 shows the all-sky images at 110 and 135 MHz in color and contour
lines respectively. The original direction of the LOFAR observation is shown with a blue
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Figure 4.5: Standard plot produced by FReaP on LOFAR beamform data. It shows the
peculiar emission around the relative second 4414 that trigger .
cross at 13h in azimuth, where 0 azimuth is north, and 6h is east. The diﬀerent regularly
spaced sidelobes, created by the antenna layout of a single station, are clearly visible. Since
diﬀerent wavelengths will constructively add at diﬀerent angular distances from the phase
center, only the real source will be at the same sky location in both images. Thus this is
a side-lobe detection at about 11h azimuth and about 35° elevation (green cross). The
source location corresponds to the position of the sun at the time of the observation. The
morphology of this emission is consistent with a type II radio burst (ie. Cunha-Silva et al.
[2015]).
Having TBB data gives us the ﬂexibility to repoint in the direction of the solar ﬂare. In
Figure 4.9 we show dynamic spectra of TBB data pointed at the two diﬀerent directions.
This clearly shows the increase of information gained at other frequencies when looking in
the direction of the source, since the sidelobes are strongly frequency dependent. For the
case of an FRB or other millisecond pulse like emission, one will not just be able to get the
correct position, but also it would be possible to obtain accurate pulse information such as
the correct spectral index.
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Figure 4.6: Standard plot produced by the pipeline that shows the average power spec-
trum from station CS003 on blue. The dipole showing a power spike is shown
in red.
Localization of FRBs is one of the most important goals for current developments on
FRB searches. This example of the solar ﬂare is obviously not a dispersed pulse, and can
be rejected as such. However, it is clear proof of concept of the potential for localization
with the TBBs. This ability to ﬁnd the event location is possible even if is not coming
from the primary beam. Having access to sidelobes in this way, in principle it could count
for a larger sky covered, since triggers from signals coming from the sidelobes could still be
accurately detected, localized and analysed. Although making a quantiﬁable study of the
amount of sky available this way falls beyond the scope of this work.
This example also shows the possibility to study other astrophysical phenomena which
are non-dispersed like pulses but still conﬁned to the time-scales of the TBBs.
4.4.3 High Angular Resolution: Pulsars
As mentioned earlier, the main goal of our project is to better localize a fast radio transient
by using the maximum angular resolution available to LOFAR. To demonstrate this, we
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Figure 4.7: Detection plot automatically generated by FReaP (the real-time algorithm)
after triggering on regular beamformed data around relative seconds 7111 and
7112. This emission is consistent with a Type II solar ﬂare.
used the LOFAR superterp15 for an incoherent beamform observation (L43784) of the bright
and well-known pulsar PSR B0329+54. We obtained a FReaP trigger on the pulsar and
dumped one second of TBB data from the available stations.
The initial calibration of the data was done as described in Section 4.3.3.2. We computed
the BEAMs in the direction of the pulsar. A subsample calibration between the stations
was calculated as described in Section 4.3.5.1.
Figure 4.10 shows the image created by our pipeline as described in Section 4.3.5.2. The
green circle shows the angular resolution of a SAP using a single HBA substation (∼ 3°).
The clearly higher angular resolution of the image corresponds to the expected resolution
of a TAB using the superterp (about 0.5°). The higher resolution pattern closely follows
the beam pattern of the superterp.
In this example, the known location of the pulsar was used to self calibrate. This is not
15The superterp refers to the 6 innermost stations at the center of LOFAR core, this region has a diameter
of ∼ 300 m.
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Figure 4.8: All sky image from TBB data of a single LOFAR station showing the sun
(green cross) and the grating lobes (strong side lobe response caused by the
regular antenna layout of a single station). The original observation was made
in the direction marked by the blue cross. The colored image is at 110 MHz,
and contours are at 135 MHz. North is at 0 degrees Azimuth, and East is to
the left. The plot uses arbitrary units for ﬂux.
possible in general, since the location is what we are after. As a next step we computed the
BEAMs at one, two, three, and four degrees away from the direction of the pulsar. It was
possible to create higher resolutions images using the same calibration values for the ﬁrst
three sets of BEAMs as expected. This shows a possible way to calibrate the inter-station
delays if there is a nearby phase calibrator from the transient.
4.4.3.1 Pulse Characterization
Besides making an image with the BEAMs, one can look in detail at the frequency and
time information by creating a TAB (Section 4.3.5.3). It is possible to increase the SNR
by adding the beamformed complex data coherently. This helps with the characterization
of the fast radio transient.
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Figure 4.9: (Left) Dynamic spectrum of a beam pointing at the original LOFAR obser-
vation direction. (Right) Dynamic spectrum of a beam pointing at the Sun
direction.
Figure 4.11 shows an example of the kind of detailed analysis we can do. Here we have
taken the same data from PSR B0329+54 to look at the time and frequency properties.
This Figure shows the de-dispersed dynamic spectrum of a single pulse. The top panel
shows the pulse proﬁle of the single pulse, by integrating over the frequency. One can see
the main pulse with hints of a scattering tail, also a weak leading pulse can be seen about
0.1 seconds before the main pulse, this was also seen by Kuz’min & Izvekova [1996].
This particular TBB data set contains 1.2 seconds of data, which is shorter than the
time delay on the pulse caused by dispersion. Thus, only a fraction of the bandwidth is
available. The middle panel of Figure 4.11 shows the dynamic spectrum around the pulse,
even though the true pulse extends over the full LOFAR bandwidth, it is clear from this
ﬁgure the signal is artiﬁcially cut at both ends.
This limitation is worse for high DM values. However, this can be minimized by using
the TBBs in a conﬁguration with only part of the available bandwidth. This is a trade-oﬀ
which increases the instantaneous time available in a linear fashion (i.e. twice the time
for half the bandwidth). This conﬁguration is not currently available, but it is under
development.
If we take 5 MHz as the minimum bandwidth useful for analysis (Section 4.3.5.1). Then,
the current TBB conﬁguration (with 5.2 sec and full bandwidth) can contain a pulse with
DM ∼ 400 pc cm−3 at 150 MHz. If the subband mode were available, a broader bandwidth
would be available for larger DM values, e.g. 15 MHz around 150 MHz will be available
for an FRB at a typical DM ∼ 1000 pc cm−3.
From the full TBB data of this observation, we detected 7 pulses (in comparison to 3
when only having the incoherent beam). These give us a pulsar period of ∼ 0.7 seconds,
in agreement with values in the literature [∼ 0.715 Hobbs et al., 2004; Shabanova et al.,
2013].
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Figure 4.10: Pulsar PSR B0329+54 : Image using the superterp stations showing the
higher angular resolution of a TAB, the green circle shows the SAP angular
resolution.
Figure 4.11 was created by using only one polarization. The peculiar proﬁle seen in the
central and right panels show the strength of the pulse ﬂuctuating in a periodic fashion.
This is explained by having a linearly polarized emission aﬀected by Faraday Rotation.
From this pulse alone, it is straightforward to make an RM measurement. We derive
an RM of +/-63.4 ± 0.2 rad m−2, which is in good agreement with −63.7 rad m−2 from
literature values [Manchester, 1972]. The contribution from the ionosphere has not been
taken into account, but it can aﬀect the RM by a few rad m−2.
4.5 Discussion and conclusion
The localization of FRBs is a highly desirable scientiﬁc goal. An accurate position would
help in the identiﬁcation by optical counterparts, giving insight into the formation scenario
77
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 88
Chapter 4 : FRATS: TBB - Localization
Figure 4.11: Pulsar PSR B0329+54 : single pulse characterization. One LOFAR polar-
ization was used, the pulse is clearly shown as linearly polarized, and has
been aﬀected by Faraday Rotation. In the center panel shows the dynamic
spectrum. The top panel shows the pulse proﬁle by integrating the dynamic
spectrum over the frequency, and the bottom panel shows the spectrum
when integrating over time around the pulse in blue, and an equally large
oﬀ-pulse region in red.
of these enigmatic events as has been done for FRB121102 [Marcote et al., 2017; Michilli
et al., 2018; Hessels et al., 2018].
The Fast Radio Transient Search (FRATS) project intends for the detection and local-
ization of Fast Radio Bursts (FRBs) at low frequencies. As a ﬁrst step, it runs a real-time
trigger on LOFAR beamformed data to search for dispersed pulses called FReaP. This trig-
ger is used to freeze the Transient Buﬀer Boards (TBBs) which contain the raw voltages
of the individual antennas. The TBBs are a unique capability of LOFAR that give great
ﬂexibility for the oﬄine analysis of detected pulses. It gives access to the manipulation of
data in ways otherwise not possible for regular LOFAR observations.
The TBBs help to validate the astrophysical nature of transient events detected by our
triggers by identifying glitches in individual antennas by individual inspection, or signals
coming from the sidelobes by looking at all-sky maps. They also give us access to higher
frequency and time resolutions, as well as polarization information. Finally, the TBBs
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give us the ability to localize fast transients, as well as to analyse their low-frequency and
millisecond-scale properties.
For this project, we developed a pipeline and a series of tools that allow us to use the
TBB data in novel ways. In this work, we show how the TBBs could be used to localize fast
radio transients by giving a detailed presentation of our pipeline. We show a few examples
of events triggered by FReaP, which serve as a proof of concept of the potential of using
this pipeline. We show the ability to verify the nature of the transient by looking at two
examples, we identiﬁed a misbehaving antenna and a solar burst that entered through a
sidelobe. We also use a trigger on a pulsar B0329+54 to show how detailed analysis and
localization can be done for dispersed millisecond pulses.
For the case of localization, we show it is possible to make high-resolution images in
principle. We show a proof of concept by using the short baselines of the superterp leading
to a resolution of 0.5°. By using the Dutch LOFAR stations or the international stations,
one could archive resolutions of arc seconds or even sub-arseconds. In practice, it should be
possible to use bright compact sources in the ﬁeld to self-calibrate and archive larger angular
resolutions. This method has been shown to work for regular interferometric observations
using the international stations [Moldón et al., 2015]. Moldón et al. [2015] point out that
the density of calibrators for their purposes is about one in a square degree.
To self-calibrate using TBB data, one would need a source of about 10 Jy in brightness.
It is reasonable to think that sources this bright would we available within the tile beam
[Heald et al., 2015]. Nevertheless, even if the density of bright sources is not suﬃcient
to self calibrate in the TBB data itself. One could in principle ask for TOO calibration
observations after the trigger is identiﬁed successfully, the calibration solutions could then
be applied to the TBB data. A multi-calibrator approach could also be implemented as
discussed in Moldón et al. [2015].
Having an accurate position for an FRB could give help pinpoint its host galaxy. Fur-
thermore, for the case of the same TBB data, an accurate position also allows for re-phasing
up of all antennas creating a coherent beam increasing the sensitivity and thus a detail study
of pulses.
For the future, we want to add the capability to receive triggers from event warning
systems implemented on other radiotelescopes or telescopes at other wavelengths, such as
VOEvent (via Skyalert), or Swift GRBs alerts. This capability has already been demon-
strated in principle by the use of the LORA, a scintillator array to measure air shower cause
by cosmic rays hitting the atmosphere [Thoudam et al., 2014]. It has also been tested for
pulsar observations using the Eﬀelsberg 100-m Radio Telescope [Houben et al., 2019]. For
our case, adding external triggers would be an excellent way to in principle maximize the
sky time, and thus the probability of detection. This would also show how LOFAR can be
a truly responsive telescope.
The pipeline presented here has been developed for the search of fast radio transients,
of short duration and dispersed properties such as FRBs and RRATS. However, it could
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also be used for the analysis of other kinds of transients such as solar ﬂares, jupiter radio
bursts, or other stellar or planetary sources.
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Abstract
In the previous decade, two new classes of fast radio transients were detected:
the Galactic, rotating radio transients (RRATs) and the extragalactic fast ra-
dio bursts (FRBs). If the detectable emission of these objects extends to lower
radio frequencies, the Low Frequency Array (LOFAR) is ideally suited to seek
and localize these transients at frequencies of 10–250 MHz. This is due to
LOFAR’s sensitivity, diverse beamform capabilities, and transient buﬀers for
the individual elements that allow post-event imaging of events, potentially at
arcsecond resolution. Our aim is to identify and localize pulses at frequencies
1This article was modiﬁed to ﬁt the work presented in this thesis. It was lightly updated to include
recent discoveries in this ﬁeld. The publication of this article was possible with signiﬁcant contribution from
the author of this Thesis, including the oﬀ-line localization analysis. Work from this chapter, appeared
also in ter Veen [2015, ; Ch. §3,5]
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below 250 MHz and, in the case of nondetections, derive upper limits on the sky
and volume rates of FRBs. A real-time search program for fast radio transients
is installed on the LOFAR systems which runs commensally with other obser-
vations, and uses the wide incoherent LOFAR beam (11.25 deg2 at 150 MHz).
Buﬀered data from hundreds of dipoles are used to reconstruct the direction
and polarization information of the event, and to distinguish between celestial,
terrestrial, and instrumental origins. Observations were taken covering either
the frequency range 119–151 MHz or in four frequency bands, each of 2 MHz
in width, centered at 124, 149, 156, and 185 MHz. A ﬁrst pilot survey covered
a range of dispersion measures (DM) below 120 pc cm−3, focusing on Galactic
sources, and resulted in an upper limit on the transient rate at LOFAR fre-
quencies of less than 1500 events per sky per day above a ﬂuency of 1.6 kJy
ms for an 8-ms pulse. A second pilot survey covered a range of DMs below 500
pc cm−3, focusing on extragalactic sources to about 1 Gpc, and resulted in an
upper limit of 1400 events per sky per day above a ﬂuency of 6.0 kJy ms for an
8-ms pulse. Using a model for the distance-DM relationship, this equates to an
upper limit of 134 events per Gpc3 per day.
5.1 Introduction
The study of fast radio transients, or subsecond dispersed pulses, is a ﬁeld that has been
rediscovered over the past decade. This has led to the identiﬁcation of rotating radio
transients [RRATs, McLaughlin et al., 2006], pulsars that are more easily detectable through
their individual pulses than by their average emission proﬁle [Burke-Spolaor, 2013], and fast
radio bursts [FRBs; Lorimer et al., 2007; Thornton et al., 2013], that are highly dispersed
pulses from an extragalactic origin [Tendulkar et al., 2017]. For both of these classes of
sources, localization is an important part of unraveling the nature of their emission. For
RRATs in ﬁelds with many high-energy sources, a precise localization is important for
determining the X-ray or gamma-ray source to which they belong [Burke-Spolaor, 2013].
Fast radio bursts could provide a probe to study the intergalactic medium, for example to
identify missing baryons [Deng & Zhang, 2014; McQuinn, 2014]. For this, a host galaxy and
corresponding redshift need to be determined. Localizing FRBs to within a host-galaxy
can help us understand what sources could be responsible for the emission itself [Bassa
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et al., 2017]. Additional information may come from observing FRBs and RRATs at lower
frequencies.
The high dispersion measure (DM, the integrated column density of free electrons along
the line of sight, see Sect. 5.2.2 for more detail) of FRBs is caused by the contribution
from the interstellar medium of our Galaxy, the intergalactic medium, and the interstellar
medium of the host galaxy. Each of the three regions could in principle be the main con-
tribution of the high dispersion: for instance the intergalactic medium, an ionized medium
around the source, or a cloud of ionized material in between the source and the observer.
A cloud of ionized material has not been detected in the Milky Way for the ﬁrst known
FRB [Lorimer et al., 2007], but this explicit check is not performed/published for all FRBs
[e.g., Thornton et al., 2013; Champion et al., 2016]. An ionized medium around the source
has been suggested for two FRBs: to explain either the scattering and Faraday rotation of
FRB110523 [Masui et al., 2015] or the steep spectrum of FRB121102 [Kulkarni et al., 2015].
In both cases, the bursts are still thought to be extragalactic, as was afterwards proven
for FRB121102 [Tendulkar et al., 2017]. If most of the DM contribution is because of the
intergalactic medium, the FRBs are placed at redshifts of 0.2–1 and must be intrinsically
very bright (e.g., 1038 erg for FRB121102 at z = 0.19273(8) [Tendulkar et al., 2017]).
The initial single pulse nature observed for FRBs suggested a cataclysmic scenario;
for example, evaporating black holes [Rees, 1977], coalescing neutron stars [Hansen &
Lyutikov, 2001], core-collapse supernova [Egorov & Postnov, 2009], and the collapse of a
supra-massive rotating neutron star [or “Blitzar”, Falcke & Rezzolla, 2014].
An exception to this scenario is the repeating FRB121102 [Spitler et al., 2014], where
other models are required to explain the repetitions. These models include collisions be-
tween neutron stars and asteroids [Geng & Huang, 2015; Dai et al., 2016], soft gamma-ray
repeaters [Popov & Postnov, 2007], magnetars [Popov & Postnov, 2013; Kulkarni et al.,
2014], signals enhanced by pulsar-orbiting bodies (Mottez & Zarka [2014]; a repeating
model is in preparation), and signal lensing by plasma structures in the host galaxies
[Cordes et al., 2017]. As repetitions have not been found for other FRBs, it is possible that
cataclysmic and repeating FRBs form two diﬀerent classes of objects. Or that FRBs are
just the very brightest pulses from repeaters (which begs the question, why there is none
with two bursts).
The recurrence of FRB121102 made its localization possible at a high angular resolution
[Chatterjee et al., 2017; Marcote et al., 2017]. Optical observations identiﬁed the host to
be a dwarf galaxy at a redshift of z=0.19273(8), demonstrating its extragalactic origin
[Tendulkar et al., 2017].
The ﬁrst FRBs were detected at 1.4 GHz by the Parkes Radio Telescope [Lorimer et al.,
2007; Thornton et al., 2013; Champion et al., 2016], and later also by Arecibo [Spitler et al.,
2014] and ASKAP [Bannister et al., 2017]. Since then, searches have also been performed
at lower frequencies with several detections at around 800 MHz: one FRB by the GBT
[Masui et al., 2015], three by the Molonglo telescope [Caleb et al., 2016b], and at least one
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by CHIME [Boyle & CHIME/FRB Collaboration, 2018]. Searches at even lower frequencies
using the GBT [Chawla et al., 2017, 350 MHz], Arecibo [Deneva et al., 2016, 327 MHz],
LOFAR [Coenen et al., 2014; Karastergiou et al., 2015, 145 MHz] and the MWA [Tingay
et al., 2015; Rowlinson et al., 2016, 154 + 182 MHz] only set upper limits on the FRB
rates.
Despite the high rates reported [6+4−3 × 103 FRBs sky−1 day−1; Champion et al., 2016],
only about 40 FRB sources have been discovered at the time of this work [Petroﬀ et al.,
2016, FRBCAT2]. This is mainly due to the limited ﬁeld of view of the telescopes used.
New techniques, such as phased array feeds (e.g., the Bannister et al. [2017] study that
used ASKAP data) and aperture arrays, may increase the detection rate signiﬁcantly3.
FRBs have been observed in a range of pulse durations and DMs. Of the ﬁrst 29 veriﬁed
FRBs in FRBCAT, the shortest FRB has a width of 0.35 ms. There are 4 FRBs with a
width smaller than 1 ms, 15 with a width of 1 – 4 ms, 6 with a width of 4 – 8 ms, and
4 with a width of more than 8 ms. These widths are the measured duration and can be
intrinsically narrower, but due to propagation and instrumental eﬀects, can be smeared
out over a longer period giving the observed duration. Instrumental eﬀects are known to
cause DM smearing due to the channelization of the data used by low-frequency surveys.
The measured DMs for these 29 FRBs range from 176.4 pc cm−3 to 2596.1 pc cm−3, with
6 FRBs having a DM below 500 pc cm−3 and a further 3 in the 500–600 pc cm−3 range.
The localization of FRBs is important to help describe their origins but this information
is often lacking. In the case of the repeating FRB, its localization was accomplished using
sensitive single-dish telescopes and interferometers on a local or even global scale [Marcote
et al., 2017]. For non-repeating FRBs, localization is more diﬃcult and has not yet been
demonstrated. One possible way to achieve this is to have simultaneous interferometric and
beamformed observations at similar frequencies. Non-simultaneous observations are also
possible by triggering an interferometer working at a lower frequency than the detecting
telescope. To this end, the Low Frequency Array [LOFAR; operating at 10 – 250 MHz;
van Haarlem et al., 2013] is a telescope of interest as it is capable of both beamforming
and interferometry, and has a wide ﬁeld of view (11 square degrees per beam at 150 MHz),
meaning that it can be used for both strategies. Here we present a real-time search strategy
using LOFAR aimed at detecting and localizing FRBs.
The outline of this paper is as follows. Section 5.2 describes LOFAR and the FRATS
project, Section 5.3 describes how limits are derived from the observations while Section
5.4 presents the results of the measurements, including upper limits on FRBs. This limit
is compared with other measurements and predictions in Section 5.5. A conclusion is
2http://frbcat.org; We note that not all parameters, e.g., regarding scattering, are displayed by default,
but they can be selected by clicking “visible columns”.
3Update: Since the publication of this work, ASKAP has detected 20 new FRBs in about a year of
observations [Shannon et al., 2018], and CHIME has detected 13 FRBs as low as 400 MHz during a
pre-commissioning phase [CHIME/FRB Collaboration et al., 2019].
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presented in Section 5.6.
5.2 The FRATS project
The aim of the Fast Radio Transient Search (FRATS) project is to search for individual
outbursts of transient radio emission such as FRBs and RRATs and to localize them. An
aperture array such as LOFAR can do this by combining time-domain methods to detect
transients using a subset of the array and imaging techniques for localization with the entire
array. FRATS consists of custom-written real-time triggering algorithms using streaming
beamformed data, and the use of oﬀ-line imaging techniques on the buﬀered data from
individual tiles of the LOFAR stations to obtain a localization. The initial focus is on
dispersed pulses of 2–128 ms in length and a ﬂuence of the order of 1 kJy ms.
A brief introduction to LOFAR, the real-time trigger, and the oﬀ-line imaging techniques
is given below, followed by an introduction to the setup of pilot surveys. The details of
the analysis pipelines are described in Chapter §4 otherwise in ter Veen [2015, hereafter
TV15] . This paper presents the results of the ﬁrst three pilot surveys. Two surveys are
used to set limits on the rate of FRBs at low frequencies and to give predictions for further
observations. The third survey demonstrates the feasibility of commensal observing for the
FRATS project.
5.2.1 LOFAR
LOFAR is a very ﬂexible radio telescope as most of the signal processing is digital. LOFAR
consists of stations separated by distances from less than 100 m to over 1000 km. Each
station consists of ﬁelds with 48–96 antennas that can be pointed in multiple directions at
once. The signals from the diﬀerent stations can be combined in diﬀerent ways.
The speciﬁc features of LOFAR used for this project are the ability to create incoherent
array beams with a large ﬁeld of view, the ability to form these beams in parallel during
other observing modes, and the ability to store the raw signal from each of the thousands
of antennas in ring buﬀers known as transient buﬀer boards (TBBs). The ability to do
commensal observing allows for a large duty cycle. The TBB data contain the last 5.2
seconds of the observation as raw voltages, which can be read out to study transient events
in great detail. So far they have mainly been used for cosmic ray and lightning research
[e.g., Schellart et al., 2013; Buitink et al., 2016; Hare et al., 2018], but this project uses
them for sky localization of fast radio transients and detailed analysis of signals (Chapter
§4). For the case of FRBs, localization is very important to identify host galaxies, and thus
redshifts and energies [Tendulkar et al., 2017].
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5.2.2 The real-time triggering algorithm
The FRATS real-time triggering algorithm consists of four steps: radio-frequency interfer-
ence (RFI) mitigation, dedispersion into four or ﬁve sub-bands, pulse searching in these
sub-bands, and a coincidence trigger across the sub-bands. It was designed to trigger with
very low latency and to have a low false-detection rate. The trigger time is close to 3
seconds: that is, 1 second to obtain the data at the correlator, 1 second to beamform the
data, and 1 second to analyze them in the FRATS pipeline. Occasionally, the process takes
longer, for example due to data containing a lot of RFI. To make sure the process runs
close to real-time, the data are analyzed in chunks of typically ﬁve-minute blocks. This
ensures that, if this chunk is delayed, the next chunk may still run in real-time. In this
way the raw data are still within the ﬁve-second TBB buﬀer.
All steps of the triggering algorithm are described in detail in (TV15 §3.3,§5.2). Here
only a short description is given of the four steps:
1) The RFI mitigation removes narrow-band interference by assuming the data are
Gaussian in each channel and ﬂagging the channels that deviate from that. It also ﬂags
wide-band local transient events that show no dispersion, but are visible simultaneously in
at least two out of four sub-bands.
2) The dedispersion algorithm corrects for the dispersive delay induced by free electrons
on the arrival time of radio waves. The number of free electrons is referred to as the DM.
The DM is given by DM =
∫
ne(l)dl with ne the number density of free electrons along
the path between the source and the observer. The delay Δt between signals arriving at
frequency v1 and v2 , both in gigahertz, is calculated as
Δt ≈ 4.15msDM
(
1
v21
− 1
v22
)
. (5.1)
The DM is diﬀerent for each pulsar and transient burst, and therefore a search over this
parameter is performed. Incoherent dedispersion is applied in ﬁve separate sub-bands of
6.25 MHz. The dispersive correction is applied at the integer sample level, for example, 2
ms. The ﬁve sub-bands are used for three reasons: to provide a coincidence trigger (step 4)
that signiﬁcantly reduces the false trigger rate, for dedispersion eﬃciency as a wider band
needs more DM trials, and to match the sensitivity of the TBB data analysis, which is
limited by the bandwidth in the ﬁve-second buﬀer for the high-DM pulses.
3) Each of these sub-bands is searched for a signal above a threshold, over diﬀerent
integration times, using a boxcar proﬁle. The threshold is the average + Nσ, where σ
is the standard deviation in each sub-band (typically N=7). Outliers are not taken into
account when calculating the average and standard deviation.
4) Lastly, a coincidence algorithm checks that three out of ﬁve sub-bands trigger within
a time window of 200 ms, allowing for a delay between the sub-bands caused by the oﬀset
between trial DM and physical DM. In theory, a smaller window for this is possible. The
coincidence trigger cuts the false trigger rate from over a thousand triggers per hour to a
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rate of one per hour. This is essential for a real-time trigger system that uses a TBB data
read-out, as the read out takes from 30 minutes to 3 hours and produces a data volume of
up to 8 TB per event.
Because of the coincidence algorithm, the triggering is most sensitive to broadband
pulses. This is the case in general, as narrowband pulses integrated over a larger frequency
range will reduce the sensitivity. FRBs that show a particular narrowband structure can
be missed if only one or two sub-bands are triggered. This eﬀect is reduced by requiring
that three instead of all ﬁve sub-bands are triggered, such that an on-oﬀ-on-oﬀ-on pulse
will also trigger. Most FRBs show a broadband spectrum, but FRB 121102 is known to
emit over a limited frequency range, which is diﬀerent per pulse. At 3 GHz, this range
is 290–690 MHz [Law et al., 2017], thus much larger than the 6 MHz bandwidth used in
this survey. It is, however, not known what the behavior would be at low frequencies. If
it scales as Δν ∼ ν4.4 like scintillation [Cordes et al., 1985], the bandwidth at 150 MHz
would be ∼1 kHz, much smaller than the 6 MHz bandwidth, and thus not a problem for
the coincidence algorithm.
5.2.3 Oﬀ-line analysis and localization
Upon triggering, the TBBs are frozen. The astronomer, alerted by e-mail, inspects the
beamformed data by eye to verify that the trigger is likely from a real astrophysical source.
If the data is found to be interesting (i.e. not RFI), the TBB is read out to disk for
oﬀ-line analysis. For the full 5 seconds of data the read-out currently takes 3 hours. By
using a parallel read-out, this may be reduced to 30 minutes in the future. The raw TBB
data can be used to create pointings in any direction, though above 100 MHz it is mostly
sensitive within the tile beam and side lobes. A high-resolution image is created, using
long-baseline stations to ﬁnd its precise location. In principle, it is possible to obtain up
to sub-arcsecond resolution if good (ionospheric) calibration can be achieved when adding
the international LOFAR stations. Given the long read-out time, only the ﬁrst pulse of an
RRAT or repeating FRB can be localized using the TBB data. However, reading out the
TBB data does not stop the observation and subsequent pulses would still be detectable in
the beamformed data, as long as the source is still being observed. The long duration of
LOFAR observations (1 hour for Pilot A and B, and 8 hours for a typical interferometric
observation) gives a high probability of observing repeating pulses in a commensal survey.
5.2.4 Analysis setup
The ﬁrst FRATS pilot surveys ran commensally during observations of the LOFAR tied
array all-sky survey (LOTAAS)4. The three incoherent array beams already produced by
the survey at 119–151 MHz were used. Data were recorded for 1 hour per pointing. The
4http://www.astron.nl/lotaas/
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data were analyzed in 5 sub-bands of 512 channels of 12.207 kHz, then downsampled from
81.92 μs to 491.52 μs and further downsampled for the analysis to 2 or 4 ms. Data were
analyzed in blocks of 3–10 minutes, with the majority of blocks being 5 minutes in duration.
There were two diﬀerent setups, Pilot A and B, whose settings are displayed in Table 5.1.
Pilot B used a DM range of 0 to 500 pc cm−3, while the upper DM of Pilot A was variable,
depending on the available compute power, with 3, 11, 12, and 10 observations using a
DM range of 0 to 70, 90, 110, or 120 pc cm−3, respectively. These ranges were chosen
according to the maximum amount of data that could be stored in the TBBs (1.3 seconds
at that time) that still allowed for enough bandwidth to localize sources. An upgrade of
the TBBs to 5 seconds allowed the larger DM range to be searched. The DM step for pilot
A was 0.3 pc cm−3 and the data were ﬁrst downsampled to a 1.99608 ms time resolution.
Pilot B used a DM step of 1.0 pc cm−3 with the data downsampled to 3.99216 ms. The
dedispersed timeseries were searched for pulses, using sliding windows between 2 and 16 ms
for the ﬁrst setup and between 4 and 128 ms for the second setup with power-of-two steps.
Pilot A observed between 2013-01-16 and 2013-03-07 and Pilot B between 2013-08-09 and
2014-04-09.
In addition, Pilot C was completed with a diﬀerent setup. Pilot C is presented to
demonstrate the commensal observing capability during interferometric observations and is
not used to derive limits on the rate of FRBs. An incoherent array beam was formed parallel
to observations of the Radio Sky Monitor [Fender et al., 2008] project using all available
stations. This is a 24-hour zenith observation that searches for transients in the imaging
domain on second to minute timescales, and on even longer timescales between epochs.
Observations were taken on 2014-01-15 and 2014-01-16. It uses 11-minute observations of
six ﬁelds at declinations +50.94o, +52.90o, and +54.86o, each separated by a two-minute
calibrator observation. Each ﬁeld is observed twice. The observations are performed in four
frequency bands of 2 MHz width centered at 123.9, 148.9, 156, and 184.9 MHz, respectively.
The FRATS trigger ran on two parts of 5 minutes for each observation. The DM range
covered was 0 to 500 pc cm−3, in steps of 1 pc cm−3, and the trigger threshold was 7σ.
This is, to our knowledge, the ﬁrst survey that used beamforming and imaging techniques
to search for transients of millisecond and minute duration, simultaneously.
5.3 Event rate derivation
In order to ﬁnd a rate for the occurrence of transients, the sky rate Rsky at a certain
ﬂuence F is obtained by summing over each observation o the minimum beam size B
across the band multiplied by the eﬀective duration D of a pointing, for all observations
with a detectable ﬂuence F(o) lower or equal to the threshold F . The rate is the number
of detections N divided by this sum. Thus the expected rate in the case of N detections is
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Table 5.1: Observation and trigger properties. Pilot B values are only shown when dif-
ferent from Pilot A.
Property Pilot A Pilot B
Incoherent array beams 3
Frequency range [MHz] 119–151
Pointing duration [hr] 1
Pointings 35 83
Eﬀective observing time [beam hr] 68.51 98.76
Frequency resolution [kHz] 12
Time resolution (data) [ms] 0.5
Time resolution (search) [ms] 2 4
Search width [ms] 2,4,8,16 4,8,16,32,64,128
Station conﬁguration Superterpa
FWHM 1 beam 119 MHz (zenith) 4.77o
FWHM 1 beam 151 MHz (zenith) 3.78o
FoV 1 beam 119 MHz 17.9 deg2
FoV 1 beam 151 MHz 11.25 deg2
Minimum DM [pc cm−3] 0
Minimum trigger DM [pc cm−3] 5 or 10 10
DM step [pc cm−3] 0.3 1.0
Maximum DM [pc cm−3] 70–120 500
Sub-band bandwidth [MHz] 6.25
Number of sub-bands 5
Sub-bands required to trigger 3
Coincidence window [ms] 2 × 100
Single sub-band threshold [sigma] 7
Notes: (a) Dense core of 12 HBA substations.
Rsky(F) = N /
∑
F>=F(o)
B(o) ∗ D(o). (5.2)
Similarly, the volume rate Rvol is obtained by summing over the extragalactic volume V
that is searched in each observation
Rvol(F) = N /
∑
F>=F(o)
V (o) ∗ D(o), (5.3)
where V is determined by the beam size and by the DM range searched, as this limits
the redshifts searched (Sect. 5.3.4). The coverage is therefore a function of the beam size,
volume (DM), duration, and sensitivity of each pointing. In this section the eﬀective beam
size, volume, duration, and sensitivity are discussed.
89
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 100
Chapter 5 : FRATS: Real-time FRB searches with LOFAR
In case of non-detections (N = 0), one can use Eqs. 5.2 and 5.3 with N = 1 to obtain
an estimate for the upper limit for the sky and volume rates. Using Poissonian statistics,
the obtained rate for N = 1 then gives a chance of 1/e ≈ 36% to obtain N = 0. We also
adopt this common choice [Coenen et al., 2014; Karastergiou et al., 2015] in this paper.
5.3.1 Eﬀective observing time and beam size
The eﬀective observing time is reduced due to the presence of RFI that is too strong to be
removed by our cleaning process, and because of incomplete dedispersion at the start and
end of a chunk of data. The latter is DM-dependent. For Pilots A and B this reduces the
observing time by 15% and 42%, respectively, at the highest DM searched. The remaining
observing time is referred to as the eﬀective observing time and is used for setting limits.
The beam size of a LOFAR station depends on elevation (EL) as 1/ sin(EL), in ad-
dition to the well-known dependency on frequency. The ﬁeld of view (FoV) in Table 5.1
corresponds to the minimum FoV at an elevation of 90 degrees (zenith).
5.3.2 Sensitivity
To set a limit on the transient rate, the detection threshold needs to be determined. The
noise level for an incoherent array beam of Ns sub-stations at zenith is determined by
Ssys = SEFD/
√
2ΔtΔνNs, where SEFD is the system equivalent ﬂux density, Δt is the
integration time, and Δν is the bandwidth. For Δt = 2 ms and Δν = 6.25 MHz, the
Ssys = 6.5 Jy around 120 MHz or Ssys = 5.5 Jy from 130 MHz to 150 MHz, [following van
Haarlem et al., 2013]. The value at 120 MHz is used as the highest and therefore most
conservative value when calculating Ssys. The eﬀective bandwidth is decreased by 10% on
average by ﬂagged channels because of the two-step channelization (1 out of 16 channels,
6%, contains no information because of the polyphase ﬁlter DC channel) and RFI (4%).
The noise level will also depend on the elevation EL. To correct for this, we use an antenna
model with a simple correction factor of sin (EL). This is in agreement with more complex
models [e.g., Hamaker, 2011] within 5%. In addition, the noise level is divided by 0.73 to
compensate for unequal gain across the beam [following e.g., Edwards et al., 2001].
The noise level also depends on the sky temperature Tsky which depends on the observing
direction. The sky temperature towards the Galactic plane is higher, so an additional
correction is applied to the SEFD, as SEFD = SEFD0(Tsky + Tinst)/(T0 + Tinst). Tsky =
THaslam ∗ λ2.550 , where λ0 is the wavelength at 120 MHz (2.5 m), THaslam is the temperature
from the 408 MHz map by Haslam et al. [1982], corrected to a wavelength of 1 meter using a
spectral index of 2.55 [Lawson et al., 1987]. T0 = 60∗λ2.55 K is the average temperature used
to calculate SEFD0, and Tinst = 400 K is the instrumental noise as measured by Wijnholds
& van Cappellen [2011b]. An additional loss in sensitivity comes from the deviation of the
real DM of the pulse from the trial DM used. For this situation, the overlap between the
summed samples for the real DM and the trial DM can be calculated (TV15 §3.3.2). For
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Pilot A, the maximum loss is 25% for the 2-ms pulses and 10% for 8-ms pulses. For Pilot
B, the maximum loss is 60% for 4-ms pulses and 30% for 8-ms pulses.
The DM smearing within one channel at these low frequencies is considerable. At a DM
of 110 pc cm−3 (Pilot A) the smearing is 3.2 to 6.5 ms for 12 kHz channels at 151 and 119
MHz, respectively. For Pilot B, at a DM of 500 pc cm−3 the intra-channel smearing is 14.7
to 29.7 ms over the same range. When searching with a shorter sliding window, only part
of the pulse is summed. For an 8-ms pulse at a DM of 500 pc cm−3, the detection threshold
therefore increases with a factor 3.7 or a loss of 73%. However, this eﬀect cancels out the
loss in sensitivity caused by the deviation from the real DM, explained above, for shorter
pulse lengths. The low DMs therefore have a threshold for Pilot B that is 2.6 times lower
than that of the highest DM values. For Pilot A, this has no consequences for pulses of 8
ms and longer, even at the highest DMs, but shorter pulses will be smeared out.
The values presented above are for the design speciﬁcation of LOFAR. This speciﬁ-
cation has probably not been reached, as there are likely additional noise contributions
from improper calibration of the individual station beams, combining the individual beams
into an incoherent array beam and additional system noise. Coenen [2013] compared the
measured and expected signal-to-noise ratio (S/N) from 30 pulsars, and found that the
gain was 40% of the predicted value. Therefore, in all our calculations, the noise level is
increased by a factor 2.5. This is a conservative value, as the Coenen [2013] measurements
were done with an early installation of the system and are likely improved in the meantime
by better calibration, and are less aﬀected by additional noise because fewer stations are
used for Pilots A and B in comparison with the Coenen [2013] measurements. Taking all
this into account, the detection threshold for a pulse of 8 ms is of the order of 1 kJy ms.
5.3.3 Scattering
Bhat et al. [2004] performed an empirical study on the eﬀects of scattering on pulsar
signals in the Milky Way. They found that pulse broadening scales with frequency and
DM. The frequency scaling evolves as τd ≈ ν−α1 with α1 ∼ 3.9 ± 0.2, giving 4000 times
more scattering at 119 MHz compared to 1 GHz. At 1 GHz, the scattering is on average
1 μs at a DM of 50 pc cm−3, and 10 ms at a DM of 500 pc cm−3. There is a large spread
in these values, so the scatter time-scale can be a factor of ten higher or lower. Applied to
119 MHz, this yields scattering times of 4 ms and 40 s for a DM of 50 pc cm−3 and 500
pc cm−3, respectively. If this also holds for extragalactic pulses, the current search will not
see any FRBs at the timescales probed. However, Lorimer et al. [2013] pointed out that,
for extragalactic bursts, scattering is highest if a scattering screen is midway between the
source and the observer. For FRBs, it is more likely that scattering originates from the
host galaxy (less strong, because of redshifted emitting frequency) or our Galaxy, likely
dependent on the observing direction. Therefore, the scattering may be expected closer to
the value for a DM of 50 pc cm−3 in our Galaxy and at least some FRBs may be observed
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on millisecond timescales.
FRBCAT contains scattering times for half the FRBs ranging from 0.71 to 23 ms, cor-
rected to 1 GHz. These are low values compared to the Bhat et al. [2004] ﬁndings. However,
if these are correctly measured and scale with frequency in the same way as pulsars, these
pulses would be of the order of seconds at LOFAR frequencies, requiring longer integration
time and thereby reducing the sensitivity of the measurements. Nonetheless, there may still
be other FRBs with less scattering. More results by CHIME will be interesting for compar-
ison in this regard. Their ﬁrst detection [Boyle & CHIME/FRB Collaboration, 2018] shows
no scattering on a pulse of 2 ms at a frequency as low as 580 MHz, and mentions other
FRBs to be observable down to 400 MHz. For now, we assume there may still be FRBs at
8 ms at 119 MHz and set limits accordingly; however, we also discuss the implications of
scatter broadening to 128 ms where appropriate (Sections 5.4.3.2, 5.5.1, and 5.5.6).
In general, we assume that scattering from intergalactic space can be neglected. It will
not have an eﬀect on the probed volumes for a given DM range. As long as we apply
our limits only to the properties of observed pulses, we can disregard scattering in their
derivation, and do so henceforth in this paper. However, due to the strong frequency
dependence of scattering, scattering will have an eﬀect when rates obtained at diﬀerent
frequencies are compared. If scattering is an erratic eﬀect depending mainly on the line of
sight, a fraction of the pulses may not be detected for a given experimental setup. This
will essentially translate into a factor of less than one to be applied to the detection rate.
We mention this whenever it aﬀects our conclusions.
5.3.4 Volume rate limit for extragalactic sources
The DM in a certain direction depends on redshift z as:
DM(l, b, z) = DMMW(l, b) + DMIGM(z) +
DMhost
1 + z (5.4)
≈ DMMW(l, b) + 1100z + 1001 + z . (5.5)
In these equations, DMMW is the predicted DM of the Milky Way at the Galactic coordi-
nates (l,b) of the observations using the NE2001 model [Cordes & Lazio, 2002], DMIGM(z) ≈
1100z is the contribution from the intergalactic medium using Eq. 2 from Ioka [2003] in an
approximation for z < 0.25, and using the values for the constants of cosmology from the
Planck Collaboration et al. [2014]. In this paper an estimated host DM of 100 pc cm−3 is
used. Its contribution is corrected for the redshift of the transmitting frequency.
There are large uncertainties for both DMMW and for DMhost. The value of DMMW
cannot be measured in all directions and distances, and is therefore an interpolation and
extrapolation of the points where it can be measured. The value of DMhost depends on
galaxy type, inclination angle and can be increased by ionized clouds along the path. The
only DMhost measured is for the repeating FRB121102 at DM <= 324 pc cm−3 [Tendulkar
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Figure 5.1: Maximum redshift and intergalactic distance probed for each pointing of Pilot
B, assuming a DMhost=100 pc cm−3.
et al., 2017], which appears high compared to average DMs of 37 pc cm−3 for elliptical
galaxies and 45 pc cm−3 for spiral galaxies [Xu & Han, 2015], although averaging over
inclination increases the latter to 142 pc cm−3. This high DM can be caused by ionized
material close to the source, because of a star forming region there [Bassa et al., 2017].
A very high DMhost will decrease the DMIGM contribution signiﬁcantly, and will therefore
decrease the galactic volume searched. As whether or not this really is the typical DM
for FRBs is unknown, because FRBs with a DM as low as 174 pc cm−3 have also been
measured, we assume in our analysis a DMhost of 100 pc cm−3, after Lorimer et al. [2007],
but also in line with some orientations of elliptical and spiral galaxies and an additional
contribution from the local environment.
Equation 5.4 was used to give the maximum redshift corresponding to the maximum
DM that was searched. The result is plotted in Figure 5.1 for Pilot B. The CosmoloPy
package5, following Hogg [1999], is used to ﬁnd the co-moving distance, luminosity distance,
and observed volume for that redshift. The co-moving distance is typically ∼ 1 Gpc, as
shown in Figure 5.1. With this method, the DM-limited volume for each observation is
calculated as used in Equation 5.3.
5roban.github.io/CosmoloPy/
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5.4 Results
Here we show results from the pilot surveys A, B, and C. From the ﬁrst two we present the
ﬁrst exploratory results of the dispersed pulse search (Sections 5.4.3.1 and 5.4.3.2). Pilot
C shows the potential of commensal observing during imaging observations (Section 5.4.2).
We ﬁrst show the detection of a solar radio burst as a proof of concept of the potential for
localization with the TBBs.
5.4.1 Localization of a solar radio burst
Localization of FRBs is one of the most important goals for current developments in FRB
searches. As a proof of concept of the potential for localization with the TBBs, we brieﬂy
describe here the detection of a solar radio burst, for more details see Chapter §4.4.2 (This
section was modiﬁed from the original version published).
During observations of Pilot A, the real-time trigger detected peculiar emission. Figure
4.7 shows the original detection plot generated by the trigger software. Figure 4.8 shows the
all-sky images using in the identiﬁcation of the solar burst from the direction of a station
side-lobe.
This example of a solar radio burst clearly shows the ability of the TBB data to ﬁnd the
event sky location, even if it is not coming from within the primary beam. It also shows
the possibility to study nondispersed signals from other astrophysical phenomena.
5.4.2 Pulsar rediscoveries
The main objective of the FRATS project is to ﬁnd dispersed pulses. An obvious candidate
source class is pulsars. All bright pulsars with an estimated peak ﬂux density of more than
15 Jy in the sky covered by the observations were detected, either online or in a later
oﬄine analysis (TV15 §3.4.1 & 5.3.1). Three pulsars were detected in Pilot A (PSRs
B0834+06, B1133+16 and B1541+09) and seven in Pilot B (PSRs B2016+29, B2111+46,
B0320+39, B1919+21, B2217+47, B2021+51 and B0301+19). The pulsar with the highest
DM detected was PSR B2111+46 with a DM of 141.26 pc cm−3, showing the potential for
discovering FRBs.
Pilot B showed two interesting rediscoveries: PSRs B2021+51 and B0301+19. Based on
ﬂux densities from higher frequencies, they have an extrapolated peak ﬂux density of only 11
and 2 Jy, respectively, while the trigger threshold is 100 Jy for an 8-ms pulse. This indicates
a broad distribution in pulse ﬂux densities, a known behavior for these pulsars. In fact, these
pulsars were originally detected in single pulse surveys at 408 MHz, where B0301+19 was
generally weak, but occasionally emitted two or three bright pulses [Bonsignori-Facondi
et al., 1973], and B2021+51 showed a large distribution in pulse amplitudes [Davies &
Large, 1970]. This behavior is still present at 135 MHz.
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Figure 5.2: Pulsars detected in Pilot C. The top plot shows DM vs. RA for the known
bright pulsars in red circles. The ﬂux density at 400 MHz is depicted by the
sizes of the circles. Only pulsars with a ﬂux density above 5 mJy are shown.
The smaller blue circles in the top plot denote the coincidence triggers. In
the bottom plot the pulsars and pointings that trigger are plotted now in
DEC vs. RA. The error bars of the blue points denote the beam size. Pulsar
names are plotted at the bottom. Circle scalings are linear.
During the commensal Pilot C survey, ﬁve pulsars were rediscovered: PSR B0329+54,
PSR B1120+50, PSR B1508+55, PSR B1953+50, and PSR B2021+51. They are shown
in Figure 5.2, where the right ascension, declination and DM of the triggers are compared
with those of known pulsars in the ﬁeld up to a DM of 100 pc cm−3. Most notable is PSR
B1112+50, that has a weak average ﬂux density, but is known to emit giant pulses [Ershov
& Kuzmin, 2003; Karuppusamy et al., 2011]. The successful rediscovery of ﬁve pulsars
shows that LOFAR can run these two observing modes in parallel and detect dispersed
pulses.
5.4.3 Fast radio burst limits
All dispersed pulses found can be attributed to known pulsars. From this, an upper limit
on the occurrence of FRBs and other fast radio transients at 135 MHz is derived in this
section.
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5.4.3.1 Sky rate limit from Pilot A
The rate limit in events per sky per day as a function of ﬂuence is determined as described
in Section 5.3. The result for Pilot A, based on an eﬀective observing time of 68.5 beam
hours, is presented in Figure 5.3. This ﬁgure shows the observed sky for ﬂuence thresholds
between 1 and 2 kJy ms, as calculated by Eq. 5.2. This is not the complete range that could
be observed, but gives the best overview. Of the pointings, 40% have a ﬂuence between
0.7 and 1 kJy ms, while 10% have a ﬂuence above 1.6 kJy ms, and up to 6 kJy ms for
pointings in the Galactic plane. Taking 90% of the pointings into account, we set a limit
for the event rate of 1500 events per sky per day above a threshold of 1.6 kJy ms for an
8-ms pulse. The pulse duration is important in this limit. For pulses shorter than 8 ms, the
average brightness needs to be larger, because of the intra-channel DM smearing and the
decrease in eﬃciency caused by the ﬁnite DM step (see (TV15 §5.2.1)). For longer pulses,
the minimum detectable ﬂuence increases with
√
Δt, where Δt is the pulse duration (Ssys
goes down with 1/
√
Δt, but for ﬂuence it is multiplied by the duration Δt). No volume
rate is derived for Pilot A, because the volume probed is minimal due to the limited DM
range searched.
5.4.3.2 Sky rate and volume rate limits from Pilot B
In Pilot B, triggers below a DM of 10 pc cm−3 were omitted because of the high probability
that they are caused by local RFI. After the data-quality cut, including the DM-dependent
data loss because of incomplete dedispersion at the start and end of a chunk, 91.2 beam
hours remained at a DM of 500 pc cm−3. A sky rate limit and a volume rate limit on
isolated dispersed pulses have been calculated as a function of ﬂuence. These are shown in
Figure 5.4 for an 8 ms, 32 ms, and 128 ms pulse duration. Because of the DM smearing
aﬀecting the 8-ms results, the 32-ms results are 40% more sensitive, while the 128-ms results
are only 13% less sensitive than the 8-ms results. The limit is 1400 events per sky per day,
or equivalently 134 events per Gpc3 per day above a ﬂuence of 6.0 kJy ms for an 8-ms pulse
up to a DM of 500 pc cm−3. Limits at a lower ﬂuence threshold, for a smaller DM range,
and for longer pulse durations are presented in Table 5.2.
5.5 Discussion
In this section we compare the event rates from our nondetections to values in the literature.
We ﬁrst discuss the sky rate limits (Section 5.5.1) and the implications for RRATs (Section
5.5.2). Subsequently, we compare the rate per volume from Pilot B with expectations
from Section 5.5.3 onwards, and discuss the options of a star formation history dependence
(Section 5.5.4) and a nonuniform distribution (Section 5.5.5). Finally, we give an outlook
on the detectability of FRBs with LOFAR (Section 5.5.6).
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Table 5.2: Rate limits for Pilots A and B for diﬀerent minimum detectable ﬂuence, ob-
serving lengths, and DM ranges.
Survey Rate limit DM range Min. Fluence Length
[pc cm−3] [kJy ms] [ms]
Pilot A 1500 sky−1 day−1 0–110 1.6 8
Pilot B 1400 sky−1 day−1 10–135 2.2 8
Pilot B 1400 sky−1 day−1 10–500 6.0 8
Pilot B 2240 sky−1 day−1 10–500 3.3 8
Pilot B 1400 sky−1 day−1 10–500 3.4 32
Pilot B 1400 sky−1 day−1 10–500 6.8 128
Pilot B 134 Gpc−3 day−1 10–500 6.0 8
Pilot B 185 Gpc−3 day−1 10–500 3.3 8
Note. Values for this table for Pilot B were taken as examples from Figure 5.4.
Table 5.3: Survey parameters for Figures 5.5 and 5.7.
Survey Central Freq DM range Reference
[MHz] [pc cm−3 ]
 GBTIM 800 20–2000 1
 GBNCC 350 0–500 2
 UTMOST 843 100–2000 3
 MWA-182 182 < 0–700 4
 MWA-154 154 < 170–675 5
 CHIME pf 600 20–2000 6
 AO327 327 0–1095 7
+ LPPS 142 0–2000 8
× ARTEMIS 145 0–320 9
−− FRATS 135 10–500 10
Notes: References: (1) Connor et al. [2016]; (2) Chawla et al. [2017]; (3) Caleb et al. [2017]
; (4) Rowlinson et al. [2016]; (5) Tingay et al. [2015] ; (6) CHIME Scientiﬁc Collaboration
et al. [2017]; (7) Deneva et al. [2016] ; (8) Coenen et al. [2014] ; (9) Karastergiou et al.
[2015]; (10) Pilot B
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Figure 5.3: The gray region indicates the parameter space excluded by a nondetection
in Pilot A. The ﬂuence is displayed from 1 to 2 kJy ms, while the minimum
and maximum trigger thresholds are at ﬂuences of 0.7 kJy ms and 6 kJy ms,
respectively.
5.5.1 Sky rate
In Figure 5.5, we compare the sky rate and upper limits from various surveys that were
performed below 1 GHz, where fewer detections are available with respect to 1.4 GHz. The
surveys considered6 are summarized in Table 5.3. The MWA surveys were named by us.
The results in this and subsequent sections are corrected for a pulse duration of 8 ms, as
most detected FRBs so far have a length shorter than this. Because of scattering, the pulse
length may also be longer for lower frequencies leading to diﬀerent detection thresholds. If
the pulse length is of the order of 128 ms at 135 MHz, the sensitivity for FRATS is 13% less,
and the previous surveys below 200 MHz will lose about a factor of four in sensitivity, while
the previous surveys above 320 MHz are not aﬀected as the scattering would be below 8
ms. Our results for Pilot B are presented by the black line and shaded region in the upper
right corner. Limits and results from other surveys are represented by the diﬀerent shapes
in the plot. The limit on the FRB rate determined by our results is comparable with the
6We note that the current fast pace of this ﬁeld makes it likely that the list may be incomplete by the
time of publication.
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rate limit determined by the GBNCC survey, the GBTIM survey [Connor et al., 2016], and
the MWA-154 survey, albeit at a diﬀerent ﬂuence threshold. In sensitivity, our results are
comparable with AO327 and the MWA-154 survey. The only two published detections have
been made by the GBTIM and UTMOST survey [Caleb et al., 2017]. The latter reports a
detectable rate limit of 0.78+1.24−0.57 × 102 events per sky per day at a ﬂuence above 11 Jy ms
and a ﬂuence complete rate limit of 5.0 +18.7−4.7 events per sky per day above a ﬂuence of 69
Jy ms.
The rate at diﬀerent ﬂuence thresholds and observing frequencies depends on how the
number of FRBs changes as function of ﬂuence, and how the ﬂuence changes as a function of
observing frequency. This is expressed by the relationships R(> Flim) ∝ Fαlim and S ∝ νγ,
where R is the rate, F is the ﬂuence, S the spectral energy distribution and ν the observing
frequency. Caleb et al. [2017] ﬁnd that if α = −3/2, as in Euclidean space, the spectral
index γ = −1.1(1.2). If, on the other hand, γ = 0, they ﬁnd α = −1.0(1.1). This is more
in line with the evolution of volume with redshift; see Section 5.5.3. These relations are
represented by the lines in Fig. 5.5, where the case of γ = −1.1 has been corrected to the
survey frequency at 140 MHz. Given these rates, our non-detections are consistent with
our pilot surveys and the other surveys have not discovered FRBs so far.
The results from two other LOFAR surveys are also shown: the oﬀ-line survey LPPS
[Coenen et al., 2014] and the real-time survey ARTEMIS [Karastergiou et al., 2015], both
observing only one band of 7 and 6 MHz, respectively, around 145 MHz. They have reached
a lower rate limit than this work because they use more beams and more observing hours
than in our pilot surveys. They are also more sensitive due to the increased number of
stations (LPPS) or better dedispersion accuracy (LPPS and ARTEMIS). ARTEMIS uses
one international station that is 15% more sensitive than the LOFAR superterp combined
incoherently. In addition, we applied a correction factor of 2.5 between the theoretical
and actual sensitivity (Section 5.3.2), as was done for the LPPS survey. To the LPPS
ﬂux density threshold we apply an additional factor two to account for intra-channel DM
smearing of LPPS at a DM of 500 pc cm−3 for an 8-ms pulse. While LPPS analyzed the
data up to a DM of 2000 pc cm−3, ARTEMIS limited itself to 320 pc cm−3, observing a
smaller instantaneous volume than FRATS with a cut-oﬀ at 500 pc cm−3. Using all stations,
instead of the 12 sub-stations used in the pilot survey, FRATS will be more sensitive than
LPPS and ARTEMIS (See also Section 5.5.6). Also, unlike FRATS, they are not designed
to use TBB data to localize pulses, which is the main goal of the FRATS project.
5.5.2 Rotating radio transients
RRATs are pulsars of which only single pulses are detected [Burke-Spolaor, 2013]. The
time between these pulses can last from minutes to hours. The long integration times of
commensal observations gives FRATS a high potential of discovering RRATs with a long
"oﬀ" time. Burke-Spolaor et al. [2011] detected RRATs with an oﬀ time of three times the
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observing time, which would extend this time even further. Pilot A is more sensitive to
RRATs, as they are local, meaning that the DM limit of 110 pc cm−3 is not a problem, but
the DM search is more sensitive because of the smaller DM step. We determine that in Pilot
A, covering 1610 square degrees (3.7% sky), no bright RRATs were observed in a typical
eﬀective observation duration of 42 minutes (after data-quality cuts), above a threshold of
1.6 kJy ms for an 8-ms pulse. Based on the RRATs population published (early) in the
literature this is expected. Only 1 of approximately 60 RRATs [McLaughlin et al., 2006;
Deneva et al., 2009; Burke-Spolaor & Bailes, 2010; Burke-Spolaor et al., 2011; Keane et al.,
2011] would be bright enough to be detected by our observations, assuming RRATs have a
pulsar-like average spectral index of −1.8 [Maron et al., 2000; Miller et al., 2011]. Almost
all RRATs require a sensitivity at least four times higher than that of our observations
presented here to be detected. This is without taking scattering into account, which would
further weaken the emission at low frequencies. With long commensal observations, in
conjunction with additional stations to reach the sensitivity required, it would be possible
to detect RRATs with oﬀ times of several hours.
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Figure 5.4: Rate excluded by sky area covered (top plot) and volume covered (bottom
plot) for Pilot B, as a function of pulse ﬂuence, for three diﬀerent integration
lengths: 8 ms (blue line), 32 ms (green dashed line), and 128 ms (cyan dash-
dotted line).
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Figure 5.5: Event rate vs. ﬂuence for diﬀerent surveys, corrected for a pulse length of
8 ms. The limits from the results of Pilot B are presented by the line in
the upper-right corner. The symbols represent rate (pentagram and squares)
and upper limits for other instruments observing below 1 GHz, where green
symbols observe around 800 MHz, red symbols around 350 MHz, and blue
symbols below 200 MHz. Survey or telescope name, mid-frequency, DM
range, and references are given in Table 5.3. The dashed red line as-
sumes log(event rate)/log(ﬂuence)=−1 and the cyan dash-dotted line assumes
log(event rate)/log(ﬂuence)=−3/2, with an adjustment of the ﬂuence assum-
ing a spectral index of −1.1 to a reference frequency of 140 MHz.
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5.5.3 Volume rate, comparison, and expectations
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Figure 5.6: Upper panel - ﬂuence as a function of redshift for the ﬁrst 20 published
FRBs. Their measured values are marked by the stars. Fluence is calcu-
lated as ﬂux density multiplied by width and the redshift is calculated as
z = (DMFRB −DMgal,NE2001 −100)/1100. Values for the DMs are taken from
the FRB catalog [Petroﬀ et al., 2016]. Extrapolated values are shown by the
lines from top to bottom for the brightest FRB, the median FRB, and the
weakest FRB in green, red, and blue, respectively. To show if they would be
bright enough to be detected by LOFAR, the LOFAR ﬂuence limit is plotted
by the dotted horizontal lines for four diﬀerent spectral indices (νγ). Lower
panel - estimated event rate as a function of redshift. From top to bottom: for
all FRBs, half of the FRBs and the "brightest" FRB (FRB160317), in blue,
red, and green respectively. The redshift is limited by the DM, as indicated
by the vertical dashed lines for a DM of 110 (Pilot A), and 500 (Pilot B) pc
cm−3. The upper limits for Pilot A and B are shown in the ﬁgure as green
and blue triangles, respectively.
Because of intra-channel DM smearing, the low frequencies are restricted in their DM
range and thus in the redshift range in which sources will be detected. Therefore, to
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compare survey results and make predictions, it is useful to compare the volume rate Rvol
(events per Gpc3 per day) rather than the sky rate Rsky (events per sky per day).
Hassall et al. [2013] determined Rvol by simulations. Based on this study, we use
an adjusted Rvol of 12 events per Gpc3 per day (under the assumption that there is no
scattering), by choosing the rate for the results by Thornton et al. [2013] as most reliable,
and correcting it for the new Rsky of Champion et al. [2016].
The rate of 12 events per Gpc3 per day is still more than one order of magnitude less
than the upper limit derived in this pilot survey, which is Rvol < 134 events per Gpc3
per day. If these predictions are correct, it is clear that at least ten times more observing
time is needed in order to be able to detect a similar event rate, even if all FRBs could be
detected by our setup. A more recent result [Law et al., 2017] predicts a ten times higher
volumetric rate, based on the assumption that the repeater FRB121102 is a prototype for
the class, with a power of 1040 erg at z=1.
Another aspect required to detect FRBs is the brightness of the FRBs compared to the
sensitivity of the instrument. To estimate this, we show in the upper panel of Figure 5.6 the
ﬂuence of the ﬁrst 20 known FRBs as a function of redshift. The ﬂuence threshold of Pilot
B is plotted as the horizontal dashed line for a ﬂat spectrum at γ = 0. From this plot, it is
clear that all FRBs detected so far have a ﬂuence, at their observed frequencies, below the
threshold of Pilot B. There are two ways in which FRATS would still be sensitive enough
to these FRBs. Firstly, an FRB that is closer appears brighter. Secondly, they could be
intrinsically brighter at lower frequencies (spectral index γ < 0). For the ﬁrst option, we
have extrapolated the ﬂuence to lower redshifts for three cases: the brightest FRB (green
line), the dimmest FRB ( blue line), and the median value (red line). From Figure 5.6
we see that even the brightest FRB detected so far would only be visible for γ = 0 up to
a redshift of 0.07, corresponding to a DM of ∼ 210 pc cm−3. For the second option we
have also drawn lines for the threshold at γ=−1, −2, and −3. The ﬁgure shows that to
detect half of the known FRBs, correcting for a redshift up to the survey limit of 500 pc
cm−3 (z=0.36), a spectral index of −3 is required. In the bottom plot of Figure 5.6, we
show the rate as a function of redshift, by multiplying the volume by the rate mentioned
above of 12 events per Gpc3 per day, for the three cases: all FRBs (blue line), half of the
FRBs (red line), and the brightest FRB (1 out of 20, green line). From this, we see that
Pilot B (blue triangle) is likely much closer to a detection than pilot A (green triangle),
with approximately 16 observing beam days required, assuming a beam size of 16 square
degrees and that the FRBs have a spectral index of less than −3. For this setup with three
beams, it will take 5.3 days of observing per event. We summarize this and predictions
from the following sections in Table 5.4.
Another way to visualize observing expectations is to plot the event rate as a function
of ﬂuence, as in Figure 5.5. This is shown in Figure 5.7, where we plot this relation based
on the volume rate of 12 events per Gpc3 per day, by calculating the luminosity distance
and volume for each redshift. We have plotted vertical lines for the values corresponding to
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Figure 5.7: Event rate vs. ﬂuence for diﬀerent surveys, corrected for a pulse length of 8
ms. Limits from the results of Pilot B are presented by lines in the upper-
right corner for spectral indices of 0, −1, −2, and −3. The symbols represent
rate (pentagram and cubes) and upper limits for other instruments observing
below 1 GHz, where green symbols observe around 800 MHz, red symbols
around 350 MHz, and blue symbols below 200 MHz. Survey or telescope
name, mid-frequency, DM range, and references are given in Table 5.3. The
blue line shows event rate as a function of ﬂuence based on a ﬁxed rate
per Gpc3, relating luminosity distance and volume as function of redshift, as
explained in Section 5.3; the green dashed line shows the same but taking into
account star formation history. The ﬂuence limits for distances corresponding
to DM values are indicated by the vertical lines for 110 (yellow, right) and
500 pc cm−3 (purple).
the redshift up to a DM of 110 pc cm−3 and 500 pc cm−3. We show again, as in Figure 5.5,
the rates versus ﬂuence of the diﬀerent surveys, as well as our rates, but now for diﬀerent
spectral indices. The expected rate up to a DM of 500 pc cm−3 is 154 events per sky per
day, above a ﬂuence of 6 kJy ms. Given the current limits, using the same setup, a factor
of nine more observing time is required, as well as a spectral index of less than −3 to see a
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single FRB. If the spectral index is less steep, or if only a small fraction of FRBs detected
at ∼ 1GHz are observable at lower frequencies within the pulse width limits of our survey
due to line-of-sight-dependent scattering, a longer observing time is required. In that case,
other observing strategies may be more beneﬁcial, as we discuss in Section 5.5.6.
5.5.4 Star formation history
Hassall et al. [2013] assumes a uniform distribution of FRBs. This is the most basic
assumption one can make. However, it is also possible that these events are correlated with
the star formation rate (SFR), as simulated in Caleb et al. [2016a]. If we use the SFR as a
function of redshift, we can derive a diﬀerent expected rate at the distances probed here.
The rate up to a redshift z is then Rsky(z) ∼ ∫ z0 SFR(z′)dVcomoving(z′)dz′ dz′. This needs to be
normalized to yield the same result of 7 · 103 events per sky per day up to the appropriate
distance.
As an example, the Modiﬁed Salpeter A initial mass function from Table 2 of Hopkins
& Beacom [2006] is used to calculate the SFR. As the SFR is highest at z > 1 and decreases
towards z = 0, the higher DMs (around 1000 pc cm−3) have an extra weight and fewer
events are expected at lower DMs. This decreases the probability of ﬁnding FRBs at the
DMs that FRATS is searching at. The expected rate including the SFR correction is plotted
as the lower line in Figure 5.7. At a DM of 500 pc cm−3, the rate is decreased by a factor
3.6 compared to a uniform distribution, requiring 58 observing beam days per event for the
nonscattering case and for γ < −3.
One caveat to this approach is that if FRBs are found in dwarf galaxies as is the case
for the repeater, the SFR could be diﬀerent [Weilbacher & Fritze-v. Alvensleben, 2001].
5.5.5 Local population
Masui et al. [2015] and Kulkarni et al. [2015] discussed a large contribution to the DM
from surrounding material for the case of two FRBs. In this case, the DM is not a direct
measure for the distance of the bursts and the expected rates should be adjusted for that.
In the extreme case, the diﬀerence in DM for the diﬀerent FRBs is all from the surrounding
material, and therefore all FRBs are local. In this case, the expected rate up to a DM of
500 pc cm−3 scales with the fraction of bursts that have a DM below 500 pc cm−3. Out of
29 FRBs, 6 have a DM below 500 pc cm−3, so we could expect about a ﬁfth of the bursts
to be visible up to a DM of 500 pc cm−3, provided they are bright enough.
In this case, there is no correction on the ﬂux density for FRBs with a lower DM (or
z), as was used in Section 5.5.3. Such a relationship is also not directly evident from Fig.
5.6. Keane & Petroﬀ [2015] reported a rate of 2500 events per sky per day at a ﬂuence of
F > 2 Jy ms. This is also the median ﬂuence of the known bursts. Therefore, below a DM
of 500 pc cm−3 the rate is 500 events per sky per day.
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From Table 5.2 we note that at 3.3 kJy ms the limit set is 2240 events per sky per day,
a factor 4.4 away from the expected rate. At this energy threshold, a spectral index of
−3.2 is required, as well as 18 observing beam days per event.
5.5.6 Outlook
In this section we give an outlook on what can be achieved with LOFAR, discussing a few
diﬀerent strategies. LOFAR can be used in diﬀerent setups. We discuss the incoherent
Stokes mode7, the coherent Stokes mode, the Fly’s Eye mode (see van Haarlem et al.
[2013]), and an external trigger mode. The predictions are summarized in Table 5.4. The
general strategy here is to determine which ﬂuence can be reached with a certain setup and
derive from this an upper limit on the rate in events per sky per day given by a luminosity
function R(ν,F) ∝ νγFα. The relation between ﬂuence and rate is taken from Figure
5.5 for (α = −1, γ = 0) and (α = −3/2, γ = −1.1). Using the total instantaneous sky
coverage for a given setup, we can translate this into the number of days required for a
single detection, or determine how many events will be detected in, for example, a two-year
campaign.
We note that in these calculations we assume that scattering does not play a large role;
see Section 5.3.3 for a discussion. If pulses are smeared out to, for example, 128 ms, the
detection threshold increases and the corresponding rate goes with ∝ Fα. For α = −1, the
rate for 128 ms is a factor four lower and for α = −3/2 it is a factor eight lower than the
numbers for the duration of 8 ms calculated here.
5.5.6.1 Commensal incoherent Stokes
One option is to do commensal observing during the normal LOFAR cycles using incoherent
Stokes beams. The detectable rate depends on the ﬂuence and thus on the sensitivities that
can be reached. The sensitivity can be improved with respect to the pilot surveys in various
ways. The improvement factor on ﬂuence is shown between parentheses. The improvements
are as follows: using narrower frequency channels (3 kHz) to counter the eﬀects of intra-
channel DM smearing and increasing the dedispersion eﬃciency to 90% by using small
enough DM steps (× 3.3), better calibration to reach the theoretical sensitivity (× 2.5),
increasing the number of (sub-)stations from 12 to 62 (× 2.2), and increasing the bandwidth
to three sub-bands of 16 MHz (× 1.6). After implementing all these improvements, one
can expect a total gain of a factor 30, giving a typical ﬂuence threshold of 100 Jy ms
based on a 3 kJy ms typical ﬂuence from Pilot B. For this threshold, the expected rate is
eight events per sky per day for both α = −1 and α = −3/2. Using all LOFAR stations,
and two beams per station, each with a beam size of 40 deg2 at an average elevation of 60
degrees, on average 129 days of integration time are required to detect one event at this rate;
7The incoherent stokes mode was previously referred to as incoherent array beam, but we now refer to
the LOFAR naming of the sub-modes.
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equal to almost 3200 hours. LOFAR currently oﬀers 1600 hours of observing per semester.
Assuming that half of the observations have a setup compatible with ours, there are 3200
observing hours in 2 years, or an overall duty cycle of 20%. Thus, we expect to detect
approximately one event every 2 years of commensal observing, if there is no signiﬁcant
loss of detectable pulses at low frequencies due to scattering and all events above threshold
have a DM in the range searched.
5.5.6.2 Commensal coherent Stokes
A second option is to do commensal observing with coherent Stokes beams, improving the
sensitivity. The downside is that the beam size decreases, such that many more beams,
and thus much more processing power, are required for the analysis. On the positive side,
this already provides an initial location which optimizes the search for a precise location
with the TBB data. Using coherent beams, the sensitivity gain for 48 core sub-stations
over 12 incoherently summed sub-stations is a factor of 13.8. This brings down the typical
ﬂuence limit to 18 Jy ms. The sky coverage decreases to 4 deg2, which after two years of
commensal observing gives a total of 0.0125 (1/80) sky days observed. The predicted event
rate for this ﬂuence limit is 44 or 104 events per sky per day, for the luminosity functions
(α = −1, γ = 0) and (α = −3/2, γ = −1.1), respectively. Therefore, there is a chance of
50% to detect an FRB with this strategy over a period of 2 years if α = −1 and one event
is expected if α = −3/2.
5.5.6.3 Fly’s Eye observations
A third option is to optimize the sky coverage by tiling out the sky in a Fly’s Eye mode,
using only one station per beam and a lot of beams per station with less bandwidth, with
each station pointing in a diﬀerent direction. In this case dedicated observing time is
needed, so instead of ﬁnding an event rate per 2 years of commensal observing, we instead
determine the amount of dedicated observing time required. We derive the numbers from
the calculation in Section 5.5.6.1. Using one station instead of 62, the detection threshold
is increased by a factor
√
62 to a ﬂuence of 788 Jy ms, while the instantaneous sky coverage
increases by a factor of 62 to 2480 degrees2 or 0.06 sky. If we further decrease the bandwidth
per sub-band to 4 MHz instead of 16, the detection threshold increases by a factor of
√
4
to 1.6 kJy ms, while the sky coverage increases by a factor of 4 to 9920 square degrees,
or half the visible sky instantaneously. The rate at 788 Jy ms, for α = −1 is ∼0.7 events
per sky per day, and at 1.6 kJy ms this is 0.4 events per sky per day. Because of the large
sky coverage, this requires only 24 days and 10 days of observing for these two respective
options. If such bright FRBs exist, this is a favorable observing strategy for LOFAR but
requires dedicated compute power and observations, and cannot be commensally observed.
It will also be diﬃcult to ﬁnd positions using the TBB data because the tile beams of all
stations are pointed in diﬀerent directions.
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5.5.6.4 External trigger
To detect and localize FRBs with the TBB data there is another possibility, namely to
trigger on FRBs at higher frequencies (e.g., 1.4 GHz). The single antenna buﬀers can then
be read out at the time the FRB arrives at the lower frequencies minutes after the trigger.
However, this requires the pulse to be detectable and an accurate DM estimate determined
within the time delay given, otherwise the pulse might be missed in the TBB buﬀers.
This was tested using the Eﬀelsberg 100-m Radio Telescope to trigger on a known pulsar
[Houben, 2016] and on the FRB repeater: FRB121102 [Houben et al., 2019] by means of a
specialised VOEvent standard [Petroﬀ et al., 2017].
The buﬀered data can then be used to localize the pulse, a factor 100 more accurate
than the Eﬀelsberg detection. The beneﬁt then is the certainty that there is an FRB in the
data, such that all stations can be added coherently to increase the sensitivity compared to
the real-time surveys. Additionally, coherent dedispersion can be applied, so intra-channel
DM smearing is not an issue. For an 80 MHz bandwidth around 150 MHz8, the ﬂuence
limit at a 5 sigma level at zenith is 2.5 Jy ms for core stations or 1.5 Jy ms if all Dutch
stations can be combined fully coherently. At that threshold, more than half of the known
FRBs up to a DM of 500 pc cm−3 would be bright enough to be detected. This may be the
most promising route to observe FRBs with LOFAR, since it would be possible to detect
ﬂat spectrum FRBs at 150 MHz.
5.6 Conclusions
The FRATS project searches in real-time for millisecond-scale radio transients with the
LOFAR radio telescope. Some known transients of this kind are FRBs and RRATs. The
focus is to obtain an optimal sky coverage by using commensal observations and a large
ﬁeld of view. An innovative addition is the use of ring buﬀers that hold the last seconds
of data from each individual antenna which ultimately allows for post-event beam-forming
and imaging. This increases the positional accuracy, potentially to the full arc second
resolution. This is important for pinpointing the location of FRBs.
The potential of LOFAR is demonstrated by two diﬀerent results. The ﬁrst demon-
stration is the successful commensal observing from the Pilot C survey, where beamformed
data were produced to search for millisecond-scale radio transients, during regular inter-
ferometric observations. Five pulsars were discovered in a 24-hour scan. The second is the
identiﬁcation of a transient as a type II solar radio burst by localizing it in a side lobe.
This could only be done by using the buﬀered data to create an all-sky image.
Besides these demonstrations we showed the results from the pilot surveys A and B,
which searched up to a DM of ∼110 pc cm−3 and 500 pc cm−3, respectively. While known
8This will be made available in a new ﬁrmware update that is currently being commissioned.
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pulsars were rediscovered, no unknown single-pulse sources have been detected. We have
derived limits on the local FRB rates from these surveys.
The ﬁrst pilot survey (A) had an eﬀective observing time of 68.51 beam hours, observed
from 119 to 151 MHz, the lowest frequency range on which FRBs have been searched.
Taking into account the pointing direction and noise level for each observation, this sets a
limit on the occurrence of FRBs of less than 1500 events per sky per day above a threshold
of 1.6 kJy ms below a DM of ∼110 pc cm−3. Pilot study B had an eﬀective observing time
of 91.2 beam hours in the same band. This sets limits at 1400 events per sky per day or
134 events per Gpc3 per day at a ﬂuence threshold of 6.0 kJy ms for an 8-ms pulse.
The expected rate is one per beam per 16 days, for a uniform extragalactic distribution,
provided the source ﬂux density follows a steep spectrum of ∼ ν−3. In the case where the
source population as a function of redshift follows the star formation rate, the rate drops
to one per beam every 58 days. If the spectrum is less steep and/or a signiﬁcant fraction of
FRBs are broadened by scattering beyond our detection limits, a longer integration time
is required. To be able to obtain the required observing time, we have tested commensal
observing with imaging observations in an additional pilot survey (C) of 24 hours, using
four 2-MHz bands between 120 and 185 MHz. The detection of ﬁve known pulsars during
this last survey validates the possibility of such commensal observations.
The future prospects are given, using as input the relations found by the UTMOST
survey [Caleb et al., 2017], for a spectral index of 0 or −1. A two-year commensal survey,
assuming a realistic 20% duty cycle, would detect one event if pulse-broadening due to
scattering plays no signiﬁcant role. The lack of scatter broadening is not a trivial assump-
tion at such low frequencies and high DMs, but for extragalactic bursts, it may still hold
true [Lorimer et al., 2013]. A dedicated survey could detect one event every 10–24 days
in a Fly’s Eye mode, but localization using the ring buﬀer data is not possible for this
case. For the latter, it is favourable to use a detection at a higher frequency, and use the
dispersive delay to trigger LOFAR in time. This has the beneﬁt of using coherent beams
and lowering the detection threshold to 2.5 Jy ms for a coherent core, and has the highest
potential to even detect ﬂat spectrum FRBs. More than half of the FRBs known up to
a DM of 500 pc cm−3could be detectable. Current eﬀorts are pursuing this route, both
with the Eﬀelsberg 100-m Radio Telescope and the Westerbork Synthesis Radio Telescope
[Maan & van Leeuwen, 2017], rather than continuing LOFAR-only surveys. It has been
calculated that the expected FRB detection rate for the Apertif system could we about
one per week.
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To understand the universe, you must know about atoms.
About the forces that bind them.
The contours of space and time.
The birth and death of stars, the dance of galaxies.
The secrets of black holes.
But that is not enough.
These ideas can not explain everything.
They can explain the light of stars, but not the lights that shine from planet Earth.
To understand these lights, you must know about life, about minds.
– Stephen W. Hawking
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1.1-1.9 GHz observations of 692
Nearby Stars
J. E. Enriquez , A. Siemion, G. Foster, V. Gajjar, G. Hellbourg, J. Hickish, H. Isaacson,
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Abstract
We report on a search for engineered signals from a sample of 692 nearby stars
using the Robert C. Byrd Green Bank Telescope, undertaken as part of the
Breakthrough Listen Initiative search for extraterrestrial intelligence. Obser-
vations were made over 1.1−1.9 GHz (L band), with three sets of ﬁve-minute
observations of the 692 primary targets, interspersed with ﬁve-minute observa-
tions of secondary targets. By comparing the “ON” and “OFF” observations
we are able to identify terrestrial interference and place limits on the pres-
ence of engineered signals from putative extraterrestrial civilizations inhabiting
the environs of the target stars. During the analysis, eleven events passed our
thresholding algorithm, but a detailed analysis of their properties indicates they
are consistent with known examples of anthropogenic radio frequency interfer-
ence. We conclude that, at the time of our observations, none of the observed
systems host high-duty-cycle radio transmitters emitting between 1.1 and 1.9
GHz with an Equivalent Isotropic Radiated Power of ∼ 1013 W, which is readily
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achievable by our own civilization. Our results suggest that fewer than ∼ 0.1%
of the stellar systems within 50 pc possess the type of transmitters searched in
this survey.
6.1 Introduction.
The question of whether or not the Earth is alone in the universe as a host for life is
among the most profound questions in astronomy. The question’s profundity occupies a
singular place in any conception of the human relation with the cosmos. The search for life
and Earth-like environments has long received a great deal of attention from astronomers,
punctuated most recently by a series of discoveries that have determined conclusively that
Earth-like exoplanets exist in abundance throughout our galaxy [Dressing & Charbonneau,
2013; Petigura et al., 2013; Batalha, 2014].
The search for life beyond the Earth, either extinct or extant, is currently pursued via
three primary means: direct in-situ detection of life or the byproducts of biological processes
in nearby environments (e.g. the subsurface of Mars, Webster et al. 2015); remote sensing
of biological activity in gaseous plumes from nearby bodies [Roth et al., 2014], exoplanet
atmospheres and surfaces [Seager, 2014]; or by detecting — either directly or indirectly —
the presence of technology produced by an extraterrestrial intelligence [Tarter, 2003].
In situ searches for life signatures, while naturally allowing an incredible range of pos-
sible investigations, are severely limited in their range from an astronomical perspective.
Even the most ambitious planned in-situ astrobiology missions could only hope to reach
the nearest few stars to Earth and would take several dozen years to do so. Remote
spectroscopic sensing of the atmospheres of Earth-like exoplanets oﬀers more immediate
opportunities, but the extreme diﬃculty of attaining a suﬃciently signiﬁcant detection of
potentially biotic constituents limits this technique to a handful of potential targets out
to perhaps 10 pc [Segura et al., 2005; Rodler & López-Morales, 2014; Schwieterman et al.,
2016]. Even for those targets amenable to remote spectroscopic searches for biology, nec-
essary exposure durations with next-generation telescopes (e.g. The James Webb Space
Telescope (JWST1), Thirty Meter Telescope (TMT2), Giant Magellan Telescope (GMT3)
1https://www.jwst.nasa.gov
2http://www.tmt.org
3http://www.gmto.org
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and the European Extremely Large Telescope (E−ELT4)) are measured in days, and detec-
tions potentially suﬀer from confusion with abiotic processes that may give rise to similar
signatures.
Searches for intelligent life targeting signatures of technology are unique in their ability
to probe the entire observable universe given appropriate assumptions about the transmit-
ting technology. Importantly, the generation of extremely luminous emission, detectable
over a large portion of our galaxy with humanity’s observing capabilities, is possible using
zero or minimal extrapolation from humanity’s current technological capacity.
Drake [1961b] and others have developed frameworks to estimate how many civilizations
exist in the galaxy. However, given the current uncertainties, it is equally likely that there
are thousands of civilizations in the galaxy or that we are the only one. Only the covered
sample size of large surveys can shed light on this question.
Such surveys are technologically and logistically challenging. These challenges arise
from the unknown frequency distribution, duty cycle, and luminosity function of putative
transmissions. The potential spectral similarity between anthropogenic radio-frequency
interference (RFI) and extraterrestrial technological transmissions brings additional com-
plications. The sheer immensity of the parameter space that must be explored is a potential
explanation to the absence of radio detections of extraterrestrial intelligence, despite nu-
merous previous eﬀorts [Verschuur, 1973; Tarter et al., 1980; Bowyer et al., 1983; Horowitz
et al., 1986; Steﬀes & Deboer, 1994; Bowyer et al., 1995; Mauersberger et al., 1996; Backus,
1998; Werthimer et al., 2000; Korpela et al., 2011; Siemion et al., 2013; Harp et al., 2016b;
Gray & Mooley, 2017b].
Early radio SETI experiments used only a narrow frequency band relative to modern
wide-band radio telescope observing systems. This inﬂuenced those eﬀorts into concentrat-
ing searches at or near speciﬁc frequencies of interest. The most common examples are the
searches around known energy transitions such as the hydrogen hyperﬁne transition line at
21 cm [Cocconi & Morrison, 1959], the hydroxyl lines around 18 cm [Tarter et al., 1980],
the spin-ﬂip line frequency of positronium [Steﬀes & Deboer, 1994; Mauersberger et al.,
1996], and the tritium hyperﬁne line [Valdes & Freitas, 1986]. “Magic” frequencies around
numerical combinations of special cosmological constants have also been proposed [Drake &
Sagan, 1973b]. Progress in radio instrumentation allows modern radio telescopes to survey
much wider frequency bandwidths over much larger areas of sky for a ﬁxed observation
time. This has the potential to signiﬁcantly reduce the inherent bias in selecting speciﬁc
regions of the radio spectrum.
The Breakthrough Listen Initiative, announced in 2015, uses the Automated Planet
Finder optical telescope as well as two radio telescopes — the Parkes Telescope in Australia
and the Robert C. Byrd Green Bank Telescope (GBT) in West Virginia — to scan the sky
for technosignatures. Breakthrough Listen aims to survey one million stars selected from
4http://www.eso.org/sci/facilities/eelt/
117
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 128
Chapter 6 : BL SETI - 692 nearby stars
several sub-samples, including several thousands of the nearest stars to the Sun selected
for detailed study with all three facilities [Isaacson et al., 2017]. The Breakthrough Listen
Initiative has more recently also announced partnerships with two additional facilities,
the FAST 500m telescope under construction in Southern China5 and the Jodrell Bank
Observatory and University of Manchester in the United Kingdom.6
In this paper, we report the ﬁrst search for engineered signals of extraterrestrial origin
using data from the Breakthrough Listen project. This work represents the ﬁrst of a series
of data and detection releases for the Breakthrough Listen project. The data and analysis
pipelines used in the Breakthrough Listen project are open access, and we aim to provide a
regular update on the ongoing surveys and analysis techniques. All data and observational
information used in this work can be found at the survey website7. The paper is organized
as follows. In Sec. 6.2 we present the observational strategy and provide a brief overview of
digital hardware. Data analysis techniques and algorithms are discussed in Sec. 6.3; results
are presented in Sec. 6.4. In Sec. 6.5 we discuss the results in the context of previous SETI
eﬀorts. The paper concludes with a summary of the results and limits one may place upon
narrowband transmissions based on this work, before giving a summary of future plans and
closing remarks.
6.2 Observations
A sample of nearby stellar targets for this campaign was selected from the Hipparcos catalog
[Perryman et al., 1997]. The total number8 of target stars described in Isaacson et al. [2017]
is 1702. Of these, 1185 are observable with the GBT. A subset of 692, for which we have
good quality data and a full cadence is analyzed in this paper, a representative list is
presented in Table 6.1.9
The observations of the sample of stars presented in this work were taken between
January 2016 and February 2017 with the L-band receiver at GBT, covering between 1.1
and 1.9 GHz. We employed the available notch ﬁlter between 1.2 and 1.33 GHz to exclude
strong local radar signals. The range of frequencies of the L-band receiver covers the entire
"water hole" [1.4–1.7 GHz; Oliver & Billingham, 1971]. This region, well known in the SETI
literature, is bounded by the hydrogen hyperﬁne transition line near 21 cm (∼1420 MHz)
at the lower end and the four hydroxyl lines near 18 cm (∼1700 MHz) at the higher end.
5https://breakthroughinitiatives.org/News/6
6https://breakthroughinitiatives.org/News/11
7http://seti.berkeley.edu/lband2017/
8Isaacson et al. [2017] published number is 1709, but 1702 is the total number after removing double
counting from some binary stars.
9The full table is available in the online version of this article.
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6.2.1 Strategy
Our current targeted observing strategy for the GBT and Parkes, and that employed for
the analysis described here, consists of three ﬁve-minute observations of each target drawn
from a primary sample set [Isaacson et al., 2017], interspersed with ﬁve-minute observations
of one or more locations at least six beamwidths away from the primary source, which is
beyond the primary and side lobes of the GBT and Parkes beams. Artiﬁcial signals that are
only present in the three observations of a given primary target (i.e. the “ON” observations),
but are absent in the “OFF” observations, are less likely to be RFI compared to signals,
which are expected to aﬀect both “ON” and “OFF” sources similarly if arising from emission
detected in the side lobes of the beam.
Two observation strategies were adopted. The ﬁrst strategy required that on-source
targets were interspersed with oﬀ-source pointings at a constant oﬀset in declination from
the primary source. This approach is referred to as ABABAB. In order to have better
coverage of any potential sidelobe eﬀects, we developed a second strategy that consisted of
having the oﬀ-source targets drawn from a secondary sample list of the Hipparcos catalog,
three for every primary source. The primary source is observed three times and each
secondary source once, providing a more diverse sidelobe pattern in the “OFF” observations.
This approach is referred to as ABACAD. In Table 6.1, we show examples of the two
methods10. Figure 6.1 shows an example observing set.
With nearly 20% of the observing time on GBT devoted to Breakthrough Listen, ob-
servations of the primary target list of 692 targets in a single receiver band (interspersed
with observations of ∼ 2000 secondary targets) was accomplished in approximately eight
months. The future plan of the Breakthrough Listen program is to use additional receivers
on the GBT to eventually achieve a full survey coverage from 1 to 12 GHz. Completion of
this campaign (1185 stars over the 1−12 GHz bandwidth range) is expected to take several
years.
6.2.2 BL Digital Instrumentation
The Breakthrough Listen digital systems at Green Bank and Parkes are described in detail
in MacMahon et al. [2018] and Price et al. [2018a], respectively. Here we provide a brief
summary of the instrumentation as used in this work. The VEGAS instrument [Versa-
tile Greenbank Astronomical Spectrometer; Prestage et al., 2015] is used to digitize and
coarsely channelize (Nchannels = 512) one or more dual polarization bands at 3 Gsps (1.5
GHz bandwidth). The digitized voltages are transmitted over an Ethernet network to a
cluster of commodity compute servers equipped with multi-TB disk arrays and Graph-
ics Processing Units (GPUs). During observations, channelized voltage data are written
10The naming convention for the “OFF” sources from the ﬁrst strategy shows the name of the primary
star with the suﬃx “_OFF".
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at high speed to local disks, and processed oﬄine using a software spectroscopy suite11.
This pipeline produces three archival data products: a ﬁne-frequency resolution product
dedicated to narrowband spectroscopy (3Hz frequency resolution, 18 s time resolution), a
ﬁne-time resolution product dedicated to broadband pulse searches (366 kHz frequency res-
olution, 349μs time resolution), and a mixed product designed for traditional astrophysical
investigations (continuum and spectral line; 3 kHz time resolution, 1 s time resolution) —
see Lebofsky et al. [2017] for more details.
The data analysis, described in Sec. 6.3, was performed on 796 ABACAD sets, for
which the observations had a minimum of three "ON" observations from the A star. This
number is larger than the 692 stars since a subset of the stars were observed on multiple
epochs. We used the Breakthrough Listen cluster12 located in Green Bank Observatory for
the compute-intensive SETI analysis of this project. We analyzed 4798 ﬁles (180 TB of
ﬁlterbank data) representing 400 hr of on-sky time.
6.3 Data Analysis
The analysis conducted for this project focused on the detection of narrowband (∼ Hz)
signals, potentially drifting in frequency over the duration of an observation. Spectral drift
would be expected due to Doppler shifts from the relative acceleration between transmitter
and receiver. This type of signal is of particular interest in traditional SETI projects because
it is too narrow to arise naturally from known natural astrophysical sources, and represents
a power-eﬃcient method of transmitting a beacon signal out to great distances. Given
the relatively short distances to our targets, we are able to neglect the various interstellar
distortions [Cordes et al., 1997; Siemion et al., 2013, e.g. scintillation in time and frequency,
spectral broadening]. We note that our observation planning system requires that observed
targets be suﬃciently far away from the Sun to allow us to neglect any spectral broadening
due to the interplanetary medium. Thus, to ﬁrst order, the transmitting frequency of an
extraterrestrial continuous radio wave will be aﬀected only by the Doppler acceleration
induced by the relative motion between the emitter and the local telescope causing an
unknown frequency drift. The resulting ET waveform xET(t) follows Flandrin [2001] and
Boashash [1992]:
xET(t) = Aei 2πν(t) t , (6.1)
where A is the amplitude, and ν(t) is referred to as the instantaneous frequency of the sig-
nal. The waveform is aﬀected by Doppler acceleration by the Earth’s (and presumably the
hosting system’s) orbital and rotational motions (the latter one being the largest contribu-
tor). The relative acceleration causes ν to vary over time in a pseudo-sinusoidal way. Given
short observation durations relative to the rotation and orbital periods (τobs ≈ 5 minutes),
11https://github.com/UCBerkeleySETI/gbt_seti
12A complete description can be found in MacMahon et al. [2018]
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the change in frequency can be approximated by a linear function, ν(t) = νET + ν˙ t, with
νET being the original frequency of the ET transmitter, and ν˙ the shift in frequency (or
drift) caused by the Doppler motion. We note that for the narrowband search described
here, we replace νET with the observation start frequency ν0.
The signal detection performance is related to both the energy of the signal EET =
A2, as well as the frequency drift, as energy gets smeared over the frequency range ν˙ ×
τobs spanned by the signal over the entire observation, where ν˙ is the ﬁrst-order time-
derivative of ν(t). Uncorrected, the detectability of the signal in the frequency domain
decreases proportionally by (ν˙ × τobs/δν)1/2 within a single time-frequency bin, and by a
factor of δt/τobs during the period of the observation, where δt is the time resolution. To
maximize the detectability of a received narrowband signal in SETI experiments, a common
approach consists of correcting for a set of trial drift rate values, out to a maximum drift
rate, and identifying the drift rate value that optimizes detection S/N. This is similar to
pulsar and fast radio burst (FRB) searches aimed at maximizing the signal strength for
various dispersion measures. As in dedispersion, frequency drift correction can be applied
coherently on raw voltage data, or incoherently on detected (total power) spectra. Blind
searches over either dispersion or frequency drift generally employ the latter approach.
We have developed a software package, turboSETI,13 that is a Python/Cython imple-
mentation of the “tree deDoppler” algorithm for incoherent Doppler acceleration searches
described in Siemion et al. [2013]. This is an extension of the tree search algorithm devel-
oped for dispersed pulsar emission searches [Taylor, 1974]. The tree summation algorithm
removes redundant operations when summing n spectra over drift paths and reduces the
Doppler search algorithm to O(n log n) complexity.
A limit of the incoherent Doppler acceleration search technique is the maximum drift
rate before which sensitivity is lost due to energy smearing over adjacent frequency bins
during a single time integration. This quantity depends on the size of a single time-
frequency pixel. The high-frequency resolution data product produced by the Breakthrough
Listen pipeline allows searches of absolute drift rates up to 0.167 Hz s−1. The frequency drift
induced by Earth’s rotation alone is up to 0.16 Hz s−1 at 1.4 GHz [Oliver & Billingham,
1971; Shuch, 2011]. This indicates an obvious limitation of the incoherent approach at
higher frequencies.
In turboseti, this limitation is overcome by applying the tree summation to an array
that has already been shifted, this allows the search to continue to arbitrarily large drift
rates without modifying the frequency resolution of the data (see §7 for an in-depth dis-
cussion). Another solution would be to collapse the data to a lower frequency resolution
before applying the tree summation in the algorithm [Siemion et al., 2013].
The number of discrete frequency drift rates within a given range that can be searched
is a function of the drift rate search resolution. This in turn depends on δν/τobs, which
13turboseti: https://github.com/UCBerkeleySETI/turbo_seti
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corresponds to 0.01 Hz s−1 for our high-frequency resolution data products. Thus, a search
to a drift rate of ν˙ = ±2 employs 400 search steps with turboseti.
We perform an analysis on individual 2.9 MHz chunks of spectrum (coarse channels),
assuming a uniform gain over the chunk. The RMS noise is evaluated over the ﬁne channels
of the zero-drift integrated spectrum. We use the 90th central percentile of the power values
to mitigate outliers in the distribution due to the presence of narrowband features and the
edges of the poly-phase ﬁlterbank response. After each Doppler acceleration correction
(or drift rate) the band is summed in time. Any ﬁne-frequency channel that exceeds a
minimum signal to noise ratio (S/N) threshold (hereafter a “hit”) is identiﬁed. We deﬁne
a hit to be the signal with largest S/N at a given frequency channel over all the drift
rates searched. The time, frequency, observation meta-data, and a time/frequency subset
centered on the hit is recorded to a database for further analysis.
As a post-processing stage, we remove any hit for which at least one of the “OFF”
observations has a hit in a range of ±600Hz around the original frequency of the hit. This
window corresponds to the maximum frequency change of a signal over the period of the
observation given the maximum frequency drift rate searched.
The complete pipeline, including dynamic spectra production, Doppler acceleration cor-
rection, and signal detection, has been tested and validated with narrowband anthropogenic
extraterrestrial transmissions such as those emitted by the Voyager 1 spacecraft [Isaacson
et al., 2017, Figure 8.].
6.4 Results
We have applied our detection pipeline to approximately 4800 individual, ﬁve-minute ob-
servations. Using an S/N detection threshold of 20 and a maximum Doppler-drift rate of
± 2 Hz s−1 resulted in nearly 29 millions hits. In post-processing the vast majority of these
hits were rejected based on the following criteria.
1. For the A stars (i.e. “ON”-source observations), we remove any hit with a drift rate
of 0.0 in the topocentric frame. Those signals most likely correspond to ground-based
RFI.
2. For the A stars, we only consider hits with an S/N greater than 2514. We reserve
the S/N range between 20 and 25 for RFI signals, which may potentially be weaker
during the “OFF” observations, and thus falling below our detection threshold. This
attenuation could be expected for a signal that enters through antenna side lobes.
3. Among the remaining hits, we select only those signals present in each of the three A
observations. We predict the central frequency of the region where the signal could
14We used the same threshold used in Siemion et al. [2013], which was chosen pragmatically given the
limited computational time available, but also high enough to false positives due to noise statistics.
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be located for the immediate following observations by using the drift rate calculated
on the ﬁrst observation. The width of the frequency range used is calculated by using
twice the value of the drift rate of the signal. Figure 6.1 shows an example of such a
hit.
The vast majority of the hits detected in our pipeline can be classiﬁed as anthropogenic
RFI based on these criteria. Figure 6.2 shows the frequency distribution of all hits from all
observations in this work. There are no hits between 1.2 and 1.35 GHz due to the notch
ﬁlter. The frequency dependence of the hit distribution is due to the amount of RFI present
in those regions of the band. The light blue levels represent the distribution of all 29 million
detected hits. The dark blue levels are the hits, which pass criterion 1 and 2 from above.
Furthermore, the orange levels are what we determine to be the most signiﬁcant hits that
pass all the criteria.
6.4.1 RFI Environment
The frequency bands allocated for GPS and communication satellites contain the most
hits. This is also reﬂected in Figure 6.3 which shows the distribution of hits as a function
of peak drift rate. A signiﬁcant increase in the number of hits is observed at negative
drift rates, which can be understood to arise from the drift-rate distribution expected from
satellites drifting overhead with their acceleration vector pointed toward the center of the
Earth. Stationary RFI signals could appear at any drift rate (e.g. sweeping transmissions
or instrumental artifacts), but most stationary terrestrial narrowband interferers, without
intrinsic frequency modulation, would show no measurable drift. From Figure 6.3, we can
see that these zero-drift interferers are the most common type detected by our pipeline.
6.4.2 Most Signiﬁcant Events
Our signiﬁcance criteria ﬁlter results in 11 “events” which required further analysis to
classify. We deﬁne “events” as one or more hits during observations of a single star system
in a single epoch. These observations and detections are listed in Table 6.2. We have listed
the source, the observation date and starting time, the frequency of the detected signal
based on the beginning of the observation, the S/N-maximized drift-rate, and the S/N for
each of these events. Upon further analysis, we can classify each of these events as likely
associated with a terrestrial source.
Eight of these events have multiple hits (in some cases, up to hundreds of thousands
over the three observations); for brevity, we only report the highest S/N hit in Table 6.2.
Complete information on all hits can be found on the survey website.
An example of one of these events is shown in Figure 6.1, illustrating the detection of a
strong hit at around 1380.87MHz. The signal can be seen drifting toward lower frequencies
in the following two “ON” observations. This is, in essence, a type of signal we would expect
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Table 6.2: Most Signiﬁcant Events that Pass our Detection Criteria.
Source Decimal MJD Frequency Drift Rate S/N
(MHz) (Hz s−1)
HIP 17147 57523.802997685183 1379.27751 −0.266 25.4
HIP 4436 57803.934409722220 1380.87763 −0.507 463.3
HIP 20901 57606.579375000001 1380.97122 −0.478 84.6
HIP 39826 57456.030891203707 1380.92937 −0.542 420.3
HIP 99427 57752.960949074077 1380.92570 −0.086 50.2
HIP 66704 57650.631631944445 1380.91201 −0.134 3376.9
HIP 82860 57664.923159722224 1381.20557 −0.335 435.4
HIP 74981 57523.259328703702 1384.20759 −0.246 237.7
HIP 65352 57459.396956018521 1522.18102 +0.010 113.6
HIP 45493 57636.782812500001 1528.46054 −0.010 32.1
HIP 7981 57680.179629629631 1621.24028 +0.660 38.7
Note. For each event, the source at boresight, observation date, frequency,
S/N-maximized drift-rate, and S/N are listed.
from an extraterrestrial transmitter aﬀected by the acceleration of both the host planet and
the Earth. This type of signal is correctly reported as a possible detection by our pipeline.
However, we discount the signal as extraterrestrial for the following reasons.
These eight events show similar morphology, in particular, many hits with a wide range
of drift rates. Moreover, all the hits from these events have similar frequencies around
1380 MHz, which is often used for long-range air traﬃc control (ATC) radar and GPS,
among other uses15.These characteristics lead us to believe that the signals are unlikely to
be originating outside the solar system.
Another two of the events were found during observations of HIP 65352 and HIP 45493.
They contain hits at the minimum drift rate of ±0.1Hz s−1 and are both at frequencies
of ∼ 1520 MHz. Figure 6.4 shows the presence of the signal during the “OFF” observa-
tions, although much weaker. These “OFF” signals are slightly below our initial detection
threshold, and thus are not reported. The presence of the signal in the “OFF” observations
indicates this emission is coming from a nearby stationary source.
The last event, detected while observing HIP 7981, is unique. It has a moderate drift
rate (+0.66), S/N (38.7) and is at a diﬀerent frequency compared to other false-positive
events. However, upon visual inspection (see Figure 6.5) there is a complex structure
across the band, a higher drift-rate search would result in a higher S/N detection, and a
similar morphology of the signal can be seen in all of the “OFF” observations. We are
unsure what this complex signal source is, but we consider it anthropogenic due to its
15https://www.ntia.doc.gov
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presence in independent pointings.
We conclude that the 11 signiﬁcant events reported by our detection pipeline are the
types of signals we expect to detect based on our observation strategy, observing band, and
detection pipeline. However, we can state with high certainty that these events are false-
positives that were initially detected as signiﬁcant due to the complex and varied nature
of anthropogenic RFI.
We are continually improving our detection pipeline to be able to set lower detection
thresholds without signiﬁcantly increasing the number of false-positive events, or compu-
tational load. Future versions of our detection pipeline are being designed to successfully
ﬁlter events such as these.
6.5 Discussion
For a signal to be attributable to extraterrestrial technology, it must be clear that the
signal was neither generated by astrophysical processes nor by a human-made transmitter.
For this reason, SETI searches often implement spectrometers with very narrow channel
bandwidths (∼ Hz resolution), which provide ﬁne spectral detail. Furthermore, signal
detectability reduces according to the frequency resolution and signal bandwidth mismatch.
The data analysis presented in this paper focuses on narrowband signals. We aim to address
other signal types – in particular, pulsed broadband signals – in future detection pipelines
employing a wider variety of signal detection methodologies [e.g. Siemion et al., 2015]. For
example, the signal found while observing HIP 7981 could potentially be identiﬁed by a
machine learning (ML) approach as local RFI.
6.5.1 Sensitivity and Transmitter Power
The sensitivity of a radio-frequency SETI experiment is determined primarily by the system
noise and eﬀective collecting area of the telescope, which can be encapsulated in the system
equivalent ﬂux density (SEFD):
SEFD = 2kBTsys
Aeﬀ
, (6.2)
where kB is the Boltzmann constant and Tsys is the system temperature due to various
sources of noise. The eﬀective collecting area, Aeﬀ = ηA, where A is the physical collecting
area of the telescope and η is an eﬃciency factor between 0 and 1. The SEFD is reported
in Jy (1 Jy = 10−26 W m−2 Hz−1). The fraction Aeﬀ/2kB is also known as the telescope
gain factor G (units K Jy−1) which can be determined by observing calibrator sources. For
the GBT at L band, the SEFD is approximately 10 Jy 16.
16https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf/view
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For observations of astrophysical sources, the astrophysical signal is generally wider than
the frequency resolution of the measurement. For those cases, the minimum detectable ﬂux
density Smin is given by
Smin,wide = S/Rmin
SEFD√
npolΔν τobs
, (6.3)
where S/Nmin is a signal-to-noise threshold value, τobs is the observing time, Δν is the
bandwidth, and npol is the number of polarizations. However, in the case of extremely
narrowband signal detection (i.e. the transmitter signal bandwidth is narrower or equal to
the observing spectral resolution) the minimum detectable ﬂux density Smin is then given
by
Smin,narrow = S/Nmin
SEFD
δνt
√√√√ δν
npolτobs
, (6.4)
where δν is the observing channel bandwidth and δνt is the bandwidth of the transmitting
signal. Assuming an SEFD of 10 Jy17 across the band, the minimum detectable ﬂux density
for a ﬁve-minute L-band observation with the GBT, at 3 Hz resolution for an S/N of at
least 25 is 17 Jy.
Using this sensitivity, we can set a minimum luminosity (transmitter power) detection
threshold based on the distance to each system observed. The intrinsic luminosity L of a
source is
L = 4πd 2 S , (6.5)
where d is the distance to the source, and S  Smin. For a distance of 10, 100, and
1000 lt-yr the minimum detectable luminosity is 28 GW, 2.8 TW, and 280 TW respectively.
These are very large power requirements, but assuming a high-gain antenna with a trans-
mitter pointed at Earth, the power requirement is signiﬁcantly reduced. We can associate
the power of the transmitter Ptx with the detected ﬂux density by setting the luminosity
to be equal to the Equivalent Isotropic Radiated Power (EIRP) of an antenna:
EIRP = GantPtx , (6.6)
where Gant is the antenna gain relative to an idealized isotropic antenna. In this context,
the luminosity and the EIRP are equivalent, resulting in
S = GantPtx4πd2
, (6.7)
The gain of a parabolic radio antenna with diameter, D, is given by
Gparabolic =
4πAeﬀ
λ2
= 
(
πD
λ
)2
, (6.8)
17The GBT L-band receiver is suﬃciently stable that we can use this estimate as a consistent conservative
value [Boothroyd et al., 2011].
127
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 138
Chapter 6 : BL SETI - 692 nearby stars
where  is the measured telescope eﬃciency factor, and λ is the observing wavelength.
Using the Arecibo dish as a ﬁducial high-gain antenna, the gain of which is approxi-
mately 4.3 × 107 at L band, results in a minimum power requirement of 650 W, 65 kW,
6.5 MW (at distances of 10, 100, 1000 lt-yr) under the ideal situation in which both the
transmitting and receiving telescopes are aligned. All stars in the observed sample are
within 50 parsecs (∼ 163 lt-yr). In the ideal case of a planetary radar system similar to
Arecibo transmitting continuously at Earth, our survey is suﬃciently sensitive to detect
such a signal from any of the observed star systems in our survey.
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Figure 6.1: Highlight of a detected signal over a series of 3 × 5 minute ABACAD observations
of HIP 4436. The "OFF" observations targeted HIP 3333, HIP 3597, and HIP 3677.
Figures 6.4 and 6.5 below show other above-threshold events, the observations follow
the ABACAD strategy.
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Figure 6.2: Frequency distribution for all the hits produced by the search pipeline (light blue),
hits after initial cuts using criteria 1 and 2 from the Results section (dark blue), and
the most signiﬁcant hits that pass all the criteria (orange).
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Figure 6.3: The S/N-maximized drift-rate distribution for the hits. The color scale is described
in Figure 6.2.
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Figure 6.4: Series of ﬁve minute “ON-OFF” observations of HIP 65352 as described in Figure
6.1. This was reported as a signiﬁcant event because the weaker signal in the “OFF”
observation was not detected by the pipeline.
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Figure 6.5: Series of ﬁve minute “ON-OFF” observations of HIP 7981 as described on Figure
6.1. The complex structure appears in both “ON” and “OFF” observations.
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a Unless speciﬁed otherwise, most values fro the GBT are taken from
https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf/view
b Most values taken form Harp et al. [2016b], references therein, as well as a private
communication with Gerry Harp and Jill Tarter, unless otherwise speciﬁed.
c Most information in this table comes from [Siemion et al., 2013; Harp et al., 2016b;
Gray & Mooley, 2017b]
d The dimensions of GBT are 100m x110m. However, we used 100m here.
e Calculated using the central frequency.
f We quote here the image size. The FWHP beam with is 32’ at 1.4 GHz [Gray &
Mooley, 2017b].
g We note this is the value calculated for 1.4 GHz.
h From Perley et al. [2009]
i Expected value at 1.5GHz; taken from Welsh & DeBoer (2004):
http://www.seti.org/sites/default/ﬁles/ATA-memo-series/memo66.pdf
j Average value calculated from the values published in Harp et al. [2016b].
k Distance to Kepler30, the maximum distance found for this group.
l For these surveys, we have adopted 1kpc as a characteristic distance.
m From Turnbull & Tarter [2003a]
n From Turnbull & Tarter [2003b]
o From Shostak [2000].
p Distribution taken from the Kepler mission star distribution.
q Originally, an S/N of 9 and integration time of 192 s was used. These were later
changed to S/N of 6.5 and integration time of 93 s. It is not clear when this change
happened, but the sensitivity value is about the same for both conﬁgurations.
r From Backus & Project Phoenix Team [2002].
s This is the total instantaneous band recorded. In post-processing, we removed 140
MHz of bandwidth, which is suppressed by a notch ﬁlter.
t We assume the original signal would be 1 Hz wide. We ignore the various Doppler
acceleration correction technique used.
u Values taken from Harp et al. [2016b]. These values were used in the ﬁgure-of-merit
calculations.
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6.5 Discussion
a Most information in this table comes from Verschuur [1973], Tarter et al. [1980], Valdes
& Freitas [1986], and Horowitz & Sagan [1993]. When diﬀerent specs were used during an
experiment, we have taken the most optimistic values for each.
b Calculated using the central frequency.
c We were unable to ﬁnd a value in the literature. We assume a similar value to the
antenna of the same dimensions from Valdes & Freitas [1986].
d This value was taken from the NRAO 300 feet for our calculations, we were unable to
ﬁnd a value in the literature for the 140 feet.
e Horowitz & Sagan [1993] suggested values for the number of stars given a distance,
based on the power of an isotropic beacon.
f The variety of targets in this project was very heterogeneous. It included stars,
galaxies, pulsars, and even planets. Only the stellar sources were used when compared to
this work.
g It was only speciﬁed that the data were “inspected”. Thus we assume a 3σ threshold.
h We assume the original signal would be 1 Hz wide. We ignore the various Doppler
acceleration correction techniques used.
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6.5.2 Figures of Merit
The unknown nature and characteristics of a putative ET signal creates a large parameter
space that one needs to search. This, in general, makes the comparison of SETI sur-
veys challenging. Previous studies have calculated ﬁgures-of-merit for comparison. These
ﬁgures-of-merit vary wildly and often depend acutely on what the authors think are the
most important parameters. In this section, we describe several diﬀerent ﬁgures-of-merit in
order to show multiple perspectives, as well as to provide context to our work with respect
to previous studies18.
We have endeavored to include all signiﬁcant radio SETI surveys in this section, but
some surveys have not been suﬃciently reported in the astrophysical literature, or are
suﬃciently diﬀerent in the sampling of the parameter space, so that a comparison is diﬃcult
(e.g. SERENDIP, SETI@home, Drake [1961b]).
6.5.2.1 Survey Speed
Survey speed is a standard ﬁgure-of-merit used in radio astronomy surveys to describe
the eﬃciency of surveys in relation to the telescope and instrumentation used. Assuming
a survey conducted for a given sensitivity Smin and threshold S/Nmin, the speed at which
such a search can be completed depends on the SEFD and instantaneous bandwidth covered
(Δνobs). Thus, a Survey Speed Figure-of-Merit (SSFM) can be deﬁned as
SSFM ∝ Δνobs
SEFD2 δν
, (6.9)
The upper panel of Figure 6.6 shows the relative SSFM for several SETI eﬀorts. The
values were calculated by normalizing them to the Breakthrough Listen SSFM, thus for
slower surveys the relative SSFM < 1.
Relative speed is important; it shows in this case that our search is millions of times
faster than some of the very early searches, making our search previously infeasible 19.
However, this ﬁgure-of-merit lacks the ability to compare the full extent of individual
targeted programs, neglecting information about the number and types of targets observed.
6.5.2.2 The Drake Figure of Merit
One of the most well-known ﬁgures-of-merit in the SETI literature is the Drake Figure-of-
Merit (DFM) [Drake, 1983]. It is commonly deﬁned as
DFM = Δνtot Ω
Smin3/2
, (6.10)
18Note that all the values used for the Figures 6.6 and 6.7 are shown in Tables 6.3 and 6.4.
19This was already noted during the Phoenix project, Cullers [2000] noted that it would take thousands
of years to observe millions of stars. At speeds of soon available facilities, this could be done in less than
a decade
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where Δνtot is the total bandwidth and Ω is the total sky coverage. The lower panel of
Figure 6.6 shows the relative DFM for the same set of SETI projects. Numerical values
were calculated normalized to the Breakthrough Listen DFM.
The DFM is able to compare searches over their total parameter space searched in
terms of sky coverage and frequency coverage. However, it gives equal weight to any part
of the sky, assuming an isotropic distribution of ET transmitters. One could argue that an
observation pointed toward a known star, galaxy, or the center of the Milky Way, would
have more value than “empty” regions of the sky.
6.5.2.3 Other Figures of Merit
One example of a ﬁgure-of-merit developed in Harp et al. [2016b] uses Nstars × Δνtot ,
where Nstars is the total number of stars observed and Δνtot is the total bandwidth covered.
Unfortunately, this does not take into account the sensitivity of an observation making it
diﬃcult to compare searches using telescopes of diﬀerent sensitivities. This ﬁgure-of-merit
also assumes observations of single stars, and thus makes it diﬃcult to compare to surveys
targeting regions of the sky with a high density of stars, such as the center of the Milky
Way or another galaxy. We did not attempt to use it.
6.5.2.4 The Continuous Waveform Transmitter Rate
The Breakthrough Listen Initiative will carry out a variety of diﬀerent surveys, from targeted
surveys of nearby stars, to surveys of the Galactic plane and nearby galaxies [Isaacson
et al., 2017]. It would thus be beneﬁcial to develop a ﬁgure-of-merit that allows us to more
eﬀectively take into account all the parameters of a search and compare the eﬃcacy of a
variety of diﬀerent strategies. Taking into account the limitations from other ﬁgures-of-
merit outlined previously, we attempt here to create our own.
CWTFM = ζAO
EIRP
Nstars νrel
, (6.11)
where νrel is the fractional bandwidth Δνtot/νmid, with νmid as the central frequency for
a given survey. The total number of stars is deﬁned as Nstars = nstars × Npointings, where
Npointings is the number of pointings during the survey, and nstars is the number of stars
per pointing. We assume nstars = 1 for targeted surveys. In future work, we will explore
this assumption further to include stars in the background. We show the calculated values
for this project and other SETI eﬀorts in Tables 3 and 4. Finally, we deﬁne ζAO, as the
normalization factor such that CWTFM =1 when EIRP = LAO, νrel = 1/2, and Nstars =
1000. LAO is the EIRP of the Arecibo Planetary Radar at 1013 W.
To visualize the previously compared surveys vis-a-vis the CWTFM, in Figure 6.7 we
plot each survey’s EIRP versus (Nstarsνrel)−1, we call the later the Transmitter Rate.
As shown in Figure 6.7, this work provides the most stringent limit on low power radio
transmitters around nearby stars, while the work from Gray & Mooley [2017b] does the
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same for the high power transmitters associated with nearby galaxies. This suggests that
by using these two results together we can put a joint constraint on a luminosity function
of artiﬁcial transmitters.
As has been done by others in the past [Drake, 1983; Gulkis, 1985; Shostak, 2000], we
assume that the density of extraterrestrial transmitters in the galaxy follows a power-law
distribution, which can be characterized as follows.
N(Ptx) = N0 P −αtx , (6.12)
where N(Ptx) is the number of transmitters as a function of power, Ptx. We assume an
isotropic transmitter with Gant = 1, and thus Ptx =EIRP.
Fitting between this work and Gray & Mooley [2017b] results in α ≈ 0.74 (indicated in
Figure 6.7), showing the transmitter occurrence space ruled out by this constraint. As a
point of comparison, a ﬁt to the EIRP of the strongest terrestrial radars shows a roughly
power-law distribution with α ≈ 0.5 [Shostak, 2000, and references there in].
We note here that as part of the Breakthrough Listen Initiative, we plan to conduct a
sensitive search of nearby galaxies with both Parkes and GBT. This search will be over a
wide range of frequencies, improving constraints for very energetic transmitters.
We note that we used the most distant target to calculate EIRP sensitivity for most
surveys we have compared to. However, detailed target lists were not always available and,
in the case of the Kepler ﬁeld, in particular, distances are not well known. For those cases,
we used average or characteristic distance values. We favor the maximum distance since
it is clear that all the stars in a given sample were observed to a given EIRP sensitivity.
This statement is harder to maintain otherwise. This approach has the issue of biasing the
result toward the star with maximum distance, independent of the distance distribution
of the group of stars. On the other hand, luminosity limited surveys would have the best
scores, which may be a sensible result. An obvious extension to this type of analysis would
be to consider the entire distribution of stars within a radio telescope’s primary beam, both
near and far, when conducting an observation.
6.5.2.5 Other factors
Despite the eﬀorts here, many of the details of individual radio SETI experiments are
diﬃcult to capture in a single ﬁgure-of-merit.
One of the main aspects of an ETI search not taken into account in the ﬁgure-of-merit
calculations presented here is the type of the search itself. As mentioned in Section 6.3,
the range and resolution of chirps searched provides an important extra parameter to sen-
sitivity calculations. This is hard to quantify in many cases since it is, surprisingly, not
always reported on the SETI literature. This diﬀers markedly from the fast transient lit-
erature, in which the range of DMs searched is ubiquitously present. Also, it is diﬃcult
to quantitatively compare to some early work in which a correction to one or more “spe-
cial” reference frames (e.g. Local Standard of Rest) is the only correction done. In this
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burgeoning ﬁeld, we encourage authors to clearly and fully describe all relevant aspects of
their SETI searches.
Other aspects not included are mainly related to the potential anthropocentric biasing
of a survey. For instance, most previous ETI searches look for intelligent life as we know
it by looking only at solar-type stars. Nowadays, it is known that planets orbit stars of all
spectral types. We could then assume that intelligent life could live (if not evolve) around
any star.
We have also not treated additional selection constraints sometimes employed in SETI
experiments, such as observations of stars with a transiting Earth-like planet orbiting in the
Habitable Zone (HZ) or observations of stars in the Earth Transit Zone [Heller & Pudritz,
2016, ETZ].
One last parameter not adequately covered in the analysis here is the frequency region
observed. As we move into an era where the exploration of wider frequency regions become
possible, it will become increasingly important to consider the relative eﬃcacy of observa-
tions well outside the ∼ 1−12 GHz terrestrial microwave window, at both lower and higher
frequencies.
6.6 Conclusions
We have conducted a search for narrowband drifting signals toward 692 star systems se-
lected from the original target list of the Breakthrough Listen project. In an eﬀort to reduce
anthropocentric bias, we have searched stars across the full range of the main sequence.
Observations were performed with the L-band receiver on the GBT covering the range
between 1.1 and 1.9 GHz. The band was channelized into narrowband (3 Hz) channels, and
a Doppler-drift search was performed to report hits consistent with a transmitter located
outside of the topocentric frame of reference. We determined that all the hits found by our
algorithm are consistent with multiple types of anthropogenic RFI.
We ﬁnd no evidence for 100%-duty cycle transmitters (e.g. a radio beacon), either (1)
directed at Earth with a power output equal to or greater than the brightest human-made
transmitters, or (2) isotropic with a power output equal to the level of the current total
human power usage on Earth, in any of the star systems observed. Our results suggest that
fewer than ∼ 0.1% of the stellar systems within 50 pc possess these types of transmitters.
We explored several metrics to compare our results to previous SETI work. We note
that the survey speed of the Breakthrough Listen backend is the fastest ever used for a
SETI experiment by a factor of a few at least. Comparison with other SETI projects was
also done by means of the DFM. We attempt to develop a new ﬁgure-of-merit that can
encompass a wider set of parameters, to be used on future Breakthrough Listen experiments
for a meaningful comparison.
The Breakthrough Listen project is ongoing, with new surveys planned, new detection
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algorithms being developed, and new telescopes brought online. Beyond the classic narrow-
band search described in this paper, we are developing new methods to search voltage data,
use data-driven model building for RFI classiﬁcation, and image processing techniques to
search for complex signals.
Over the longer term, the potential use of arrays such as MeerKAT [Jonas, 2009], LO-
FAR [van Haarlem et al., 2013], MWA 20, ASKAP, 21 and others would provide an oppor-
tunity to search large numbers of stars (∼ 106) at a much faster survey speed compared to
a single dish with equivalent sensitivity. Furthermore, these facilities allow for commensal
observations within a wide primary ﬁeld of view to be conducted alongside other primary-
user science observation programs. These future surveys will provide increasingly strong
statistical constraints on the space density of technologically advanced civilizations in the
Milky Way, if not resulting in a detection of advanced extraterrestrial life. Observations
of hundreds of galaxies could potentially provide estimates for the occurrence rate of the
most advanced (Kardashev Type III ; Kardashev [1964]) civilizations in the local universe.
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6.6 Conclusions
Figure 6.6: Comparison of this work with several previous SETI campaigns. The top
ﬁgure compares surveys based on relative survey speeds. The white hexagon
takes into account the current instantaneous bandwidth available to the
Breakthrough Listen backend (Δν ≈ 5 GHz), which is underutilized in L
band observations. The bottom ﬁgure uses the relative DFM values for the
comparison. Both ﬁgures only show the summed values for surveys with mul-
tiple components. The values used to make this ﬁgure can be found in Tables
6.3 and 6.4.
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Figure 6.7: Comparison of this work with several historic SETI projects. The vertical
lines indicate characteristic EIRP powers, while the solid line indicates the
EIRP of the AO planetary radar (LAO), and the dotted line indicates the
total solar power incident on the Earth’s surface, commonly referred as the
energy usage of a Kardashev Type I civilization (LKI). The gray line is a
ﬁt of the values for this work and that of Gray & Mooley [2017b] by using
Equation 6.12. The points labeled "All", show the total for a given project,
this value is calculated by the sum of Transmitter Rates and taking the largest
EIRP. EIRP values were calculated based on the most distant target for a
given survey; sensitivity is better for nearer stars. The total for other works
with multiple surveys are not shown for clarity since they lie right on top of
their lowest point. The shapes used for the diﬀerent surveys is related to the
stellar spectral types. Shapes with more sides indicate surveys targeting a
wider array of spectral types. Triangles are used for searches only looking at
solar-type stars (FGK) and circles are used to denote sky surveys with more
than just main-sequence stars. The triangles with a white dot in the center
show surveys targeting known exoplanets in the Habitable Zone. The values
used to construct this ﬁgure can be found in Tables 6.3 and 6.4.
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Chapter 7
A Search for Technosignatures from
the Solar Neighbourhood with
LOFAR
J.E. Enriquez, A. Siemion, H. Falcke, S. ter Veen
To be submitted to Astronomy and Astrophysics
Abstract
Within the context of astrobiology, the search for technosignatures with sen-
sitive radio telescopes could shade light into the prevalence of intelligent life
in the galaxy. We performed a search of artiﬁcial signals on a volume limited
sample of nearby stars with LOFAR. We include all stars within ﬁve pc irre-
spective of their spectral type. This is the ﬁrst search of narrow-band signals
at low frequencies. We exploit the full frequency coverage available to LO-
FAR. We perform a thorough search of narrow band signals of artiﬁcial origin
with drift rates up to ± 10 Hz/s. At the LOFAR frequencies, the accelerations
probed here covered any possible rotation caused by a rocky planet, potentially
the largest accelerations proved by any search of this kind. We used a novel
multi-beam approach for RFI excision. None of the signals found are consistent
with being originated from the directions of our targets. We place upper limits
to the power of putative transmitters with an EIRP of 1.6 × 1011 W, a value
reachable by our own technology. Given the small sample of stars, only a loose
limit on the number of transmitters in the galaxy can be placed. The novel
multi-beam approach presented here can be be incorporated by new wide ﬁeld
arrays coming online.
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7.1 Introduction
The ﬁrst detection of formic acid (i.e. organic chemistry) in a protoplanetary disk [Favre
et al., 2018], the discovery of temperate rocky planets in the solar neighbourhood [Dittmann
et al., 2017], and ongoing detections of water in exoplanet atmospheres [Wakeford et al.,
2018], are recent examples of results in astrobiology that keep mounting favourably for the
prospects of life elsewhere in the galaxy.
Moreover, advances in technology continue to increase the capabilities of existing and
new radiotelescopes. Some of these advances include the ability to observe wide fractions
of the bandwidth simultaneously increasing survey speed, the increase of ﬁeld of view with
the use of phased array receivers and aperture arrays, and the increase in sensitivity with
new facilities with larger collecting area. It has been quantiﬁed that future telescopes like
the SKA phase 2 would be suﬃcient to put strong constrains on the existence of any other
civilization with our own level of technology in the entire galaxy [Grimaldi & Marcy, 2018].
These reasons have inﬂuenced the renaissance of the search for extraterrestrial intel-
ligence (SETI). Lead by the Breakthrough Listen Initiative [Worden et al., 2017], the
ﬁeld is experiencing the beginning of a new golden era. Large single dish facilities are
currently routinely performing SETI observations [Enriquez et al., 2017; Isaacson et al.,
2017; MacMahon et al., 2018; Price et al., 2018b], and new sensitive array telescopes like
MeerKAT[Jonas, 2009] are joining the search1.
If intelligent life with radio-technological capabilities is common in our Galaxy, we may
know about it in the next couple of decades.
Through history, the large majority of radio technosignature searches has been done
within the so-called terrestrial microwave window [e.g. Siemion et al., 2015], and mostly
concentrated around the water hole frequencies [Oliver & Billingham, 1971].
In the last decade, aperture array technologies have allowed for the construction of new
sensitive facilities at low frequencies (hundreds to tens of MHz) such as the Low Frequency
Array [LOFAR; van Haarlem et al., 2013], the Murchison Wideﬁeld Array [MWA; Tingay
et al., 2013], and others. These facilities were early identiﬁed as sensitive to a new radio
window to search for technosignatures, which coincidentally overlaps with the region where
the Earth produces most of its radio emission due to our technology [Loeb & Zaldarriaga,
2007], and is millions of times brighter than the sun [Tarter, 2001]. Nevertheless, searches at
these frequencies have been minimal. One could argue that low frequencies may be preferred
1See https://breakthroughinitiatives.org/news/23
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by a civilization transmitting intentionally and that wants to be detected: a) since even
lower frequencies than a few MHz could be absorbed or scatted (e.g. ionosphere) creating a
natural end of the EM spectrum; b) the Doppler acceleration eﬀects are minimized at low
frequencies simplifying the narrow band searches; c) technologically, wide Field of Views
(FoVs) are possible ﬁrst at low frequencies, which allows for searches of large sky areas
making it ideal for an intentional signal.
We point to Tingay et al. [2016] for a brief description of the early history of SETI at
low frequencies. In resent years, the ﬁrst exploratory work at these frequencies appears
to be with LOFAR even before it was completely built2 . The ﬁrst published work on
SETI at low frequencies was by Tingay et al. [2016] with the MWA, which was followed
by Tingay et al. [2018]. One should point out however, that these two projects did not
perform a narrow band frequency search characteristic of most SETI experiments, but
took advantage of existing interferometric imagining data (see Tingay et al. [2018] for the
beneﬁts of this type of search).
Even though there have been suggestions in the literature for searches of wideband
signals (a summary can be found in Siemion et al. [2015]). The motivations for narrow
band searches are many and compelling [Cocconi & Morrison, 1959; Oliver & Billingham,
1971]. Some of the main reasons are the ability to distinguish the nature of a signal between
artiﬁcial and astrophysical [ astrophysical > δν/ν ∼ 10−6; Tarter, 2001], the detection is
relatively straightforward with current technology and the power requirement for a signal
to be detected decreases linearly with bandwidth. We focus on these ideas in this work,
where the narrow band signals consider are orders of magnitude narrower that what is
produced by astrophysical sources (with ν/δν ∼ 107−8).
In this work we present the analysis and results from the ﬁrst SETI experiment from
LOFAR observations of nearby starts at frequencies below 250 MHz. In Chapter 7.2, we
describe the observing setup, and the reasoning behind the target selection. In Chapter
7.3 we describe the pipelines used for data reduction and processing of the data, as well
as the calibration and validation of the data. In Chapter 7.4 we describe the narrowband
search algorithms and the results. In Chapters 7.5 we discuss our results and try to put
them in context of other projects, as well as discuss possible future work. In Chapter 7.6
we conclude.
7.2 Observations
In this section, we describe LOFAR, the data acquisition and the multi-beam observing
strategy used. We also introduce the target sample composed of a volume-limited selection
of nearby stars.
2https://www.astron.nl/about-astron/press-public/news/lofar-opens-low-frequency-universe-and-
starts-new-seti-search/lofar-o
147
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 158
Chapter 7 : SETI-LOFAR
7.2.1 LOFAR Observations
We have used the LOw Frequency ARray [LOFAR; van Haarlem et al., 2013] to carry
observations of nearby stars (see Section 7.2.4 for description of the target selection). LO-
FAR is an aperture array radiotelescope, its antennas are distributed over several countries
in northern Europe, but the majority of antennas are concentrated at its center in The
Netherlands. The LOFAR antennas are grouped into stations. The inner 2 km contain 24
core stations distributed in a way to minimize the eﬀect of sidelobes as well as for good
instantaneous coverage on the uv plane. The core stations are under the same rubidium
clock, making them optimal for beam-formed observations. Also, the eﬀect of the iono-
sphere is minimal at this length scales [van Haarlem et al., 2013]. We note here that for
the reminder of this work we will only refer to the core stations3 since these are the ones
used for this project.
LOFAR has two types of antennas and two possible sampling rates. This makes LOFAR
sensitive to frequencies between 10 and 250 MHz. When using the standard 200 MHz
sampling frequency, the ﬁrst Nyquist zone is used by the Low Band Antennas (LBA)
sensitive to 10-90 MHz, the second Nyquist zone is used by the High Band Antennas
(HBA) sensitive to 110-190 MHz, and the third Nyquist zone is used by the HBAs sensitive
to 210-250 MHz. The antennas are then grouped into stations, each with 96 LBA dipoles
and two HBA substations each with 24 tiles. These core stations can be correlated for
regular interferometric imaging, or added up together in phase to beamform in a single or
multiple directions. More detailed information about LOFAR can be found in van Haarlem
et al. [2013].
For our observations, we used the full 10-250 MHz bandwidth available to LOFAR. This
was divided in ﬁve observing windows: 10-50, 50-90, 110-150, 150-190 and 210-250 MHz.
We used both LBA and HBAs, and for the purpose of easy reference in this work we call
the ﬁve observing windows as LBA1, LBA2, HBA1, HBA2, and HBA3 respectively.
7.2.2 Multibeam Approach
LOFAR is an aperture array telescope capable of multi-beam observations. We used this
technique for our observations, as a very powerful method for radio frequency interference
(RFI) rejection (Section 7.4.2), and thus help distinguish between terrestrial and an ex-
traterrestrial signals, since the terrestrial signals would be present in multiple beams. On
the other hand, a signal from a point in the sky would be localized within the beam. van
Haarlem et al. [2013] shows in Figure 11 a detection of a bright pulsar (SNR ∼ 2000) only
in the beam of interest and not in the adjacent ones, thus clearly showing the great capa-
bility of this method. Also, simulations of the side-lobe response pattern for the LOFAR
3LOFAR also has “remote” stations distributed within the Netherlands, and “international” stations
distributed around other European countries.
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core show the ﬁrst side-lobes to be at around 5% of the synthesized beam peak [Fig. 17;
van Haarlem et al., 2013].
Our observations were done with multiple Tied Array Beams (TABs). The multi-beam
observation setup we use in this projects is as follows. At the station level, the number of
station beams or sub-array pointings (SAP) is limited by the bandwidth to a total of 488
sub-bands. Our multibeam approach contains a total of 3 station beams named SAP001,
SAP002 and SAP003. We take 476 subbands and group them in 14 bands of 34 each
(or 6.6 MHz each). SAP001 and SAP002 use 6 bands each, SAP003 uses the resultant 2
bands. Each SAP is sent to the correlator where the stations can be added coherently to
form TABs in multiple directions within the FoV of the SAP. This does not reduce the
bandwidth per beam, however it is limited by the data rate of the correlator.
For our observations we have for the most part created two TABs within each SAP001
and SAP002. Each TAP pointing at a science target or a pulsar. SAP003 was used mainly
for diagnostics with a single TAB pointing at a pulsar in most cases. Some observations
did not use the above conﬁguration since the beam width decreases directly proportional
to increasing frequency. The maximum separation between two SAPs is determined by the
FWHM of the tile beam4, at zenith it is described by FWHMTILE = αλ/D ≈ 2470 ν−1 in
[deg], where ν is in MHz. An HBA tile has a D = 7.1m, and a factor α = 1.02 was used
[van Haarlem et al., 2013]. In the same way, the TABs are limited by the SAP width, or
FWHMSAP ≈ 430 ν−1 also in [deg]. Therefore two targets that would otherwise ﬁt within a
tile beam, would then need to be observed separately. This conﬁguration was only required
for a few HBA3 observations. Detailed information about the observations is shown in
Appendix 7.7.
Figure 7.1 shows a comparison of high resolution spectra from four TABs observed
simultaneously. The spectra cover a region of about 450 Hz, at the high spectral resolution,
the region was chosen by the large amount of RFI lines to show the similar proﬁles between
the beams with proﬁles centered at the same frequency. In general, relative strengths do
not diﬀer by large amounts even at few-degree separations between the several TABs. A
more in depth analysis of this is shown in Section 7.4.2.
7.2.3 Sensitivity
The detectability of a putative transmitter of a given power is based on the distance to
Earth, as well as on the sensitivity of LOFAR given our observing set-up.
The LOFAR sensitivity depends on several factors, to ﬁrst order it depends on the
observing frequency. The sensitivity of the telescope has been estimated empirically in
[van Haarlem et al., 2013] for both LBA and HBA stations from 2 min observations close
to transit of 3C295. They show in Figure 22 the frequency dependent empirical values for
4We concentrate here on the case of the HBA antennas since the beam size is smaller, and beam
separation was not an issue for our LBA observations.
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Figure 7.1: High frequency spectra of a region strongly populated with RFI. The four simulta-
neous TABs were pointing degrees apart. The legend shows the standard naming
convention for LOFAR. L241845 is the observation number, SAP00X is the station
beam number, B00X is the beam number, and P001 denotes the part of the spectrum
covered (out of the six parts used in our observing setup - Section 7.2.2). The spectra
were plotted with a power oﬀset for clarity.
the system equivalent ﬂux density (SEFD). The values shown for a single LBA station are
around 40, 30, and 60 kJy, at 30, 60 and 80 MHz respectively. For the case of a single HBA
substation the values are around 3 kJy for the region 120-180 MHz, and 6-14 kJy for the
region 210-240 MHz.
The one sigma sensitivity in [Jy] of an array, Sν,rms, is typically calculated by
Sν,rms =
SEFD√
N(N − 1) npol τobs δν
Jy, (7.1)
where τobs is the observing time in seconds, δν is the spectral channel bandwidth in [Hz],
and N the number of stations. The SEFD is given in terms of a single station or dish in
the array. For this project, we have observed each target for 12 min, using only the core
stations (N=24), npol = 2 is the number of orthogonal polarizations. Figure 7.2 shows the
LOFAR sensitivity to ﬁrst order given the above values, other eﬀects on the SEFD are
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discussed in Section 7.3.3. The high frequency resolution of our data δν =1.49 Hz is used
for this estimate.
The above equation is generally used for wide band emission of astrophysical sources. It
implies that a larger frequency band would improve sensitivity. The minimum detectable
ﬂux density would then be Smin,wide = SNRmin × Sν,rms. Equation 7.1 would be valid for
our work if we assume the bandwidth of the transmitted signal is larger than or the same
as the channel bandwidth (δνT ≥ δν). However, it is generally assumed that a putative
intentional signal is narrowband and even narrower than the receiver resolution.
We thus follow a similar approach than Enriquez et al. [2017] for the formulation when
δνT < δν. Then, the minimum detectable ﬂux density of an array is
Smin,narrow = SNRmin
SEFD
δνT
√√√√ δν
N(N − 1) npol τobs Jy. (7.2)
We note that δνT is not a parameter one measures, but is merely used here as a place
holder to give an assumed value. We use this formulation in Section 7.5.1 where we assume
δνT = 1 Hz.
A common limit calculated in radio SETI experiments is the power of a putative trans-
mitter at a given distance, d, in terms of the minimum detectable ﬂux density given the
sensitivity of the telescope. Here, the power is usually expressed in terms of the equivalent
isotropically radiated power (EIRP) in [W]. This can also be turned around by calculating
the distance at which a known transmitter would be just detectable for a given threshold,
SNRmin. This distance can be calculated by
d = 13085.7
√
EIRP
4π Smin
pc. (7.3)
As an example, the Arecibo Planetary Radar is the strongest transmitter on Earth with
an EIRP, LAO, of 2 x 1013 W [Siemion et al., 2013], and it is mainly used to image nearby
asteroids [Ostro et al., 2002]. Assuming a narrow band signal, it could be detected from
a distance of 75 pc at a 5σ threshold. The next class of strong radio transmitters is
populated by Ionosphere research facilities such as the Ionospheric Research Instrument
(IRI)5 and the Incoherent scatter radar (ISR)6. These facilities have transmitters with
EIRPs of ∼ 8, 2 GW, and could be detected to a distance of 1.5, 0.75 pc, respectively. If
instead we put a transmitter at a distance of 5 pc, the characteristic EIRP needed would
be 90 GW.
5From the High Frequency Active Auroral Research Program (HAARP), located at Ganoka, Alaska,
US. See https://www.gi.alaska.edu/haarp
6From the European Incoherent Scatter Scientiﬁc Association (EISCAT), located near Tromsø, Norway.
See https://www.eiscat.se/
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Figure 7.2: Sensitivity as a function of frequency for each of the ﬁve frequency regions
discuss in this work. We show also the corresponding EIRP for a transmitter
at 5 pc. Sensitivity curves are taken from van Haarlem et al. [2013] and
normalized for core observations.
The strength of a signal could also be aﬀected by the ISM and IPM Cordes et al. [1997];
Siemion et al. [2013]. Given the short distances to our targets, the contribution for the
ISM can be neglected. On the other hand, the IPM could be a signiﬁcant factor.
We use equation 7 in Siemion et al. [2013] to calculate the spectral broadening as
function to the angular distance from the sun in R. A signal at 17 MHz would experience
spectral broadening of 1.39 Hz when coming from an angular distance of 300 R from the
sun. A similar broadening would occur at an angular distance of 50 R for a signal at 250
MHz.
The closest distance for our observations was about 40 degrees, this correspond to a
spectral broadening of 15 Hz at 17 MHz and 0.6 Hz at 250 MHz. Thus, the worst case
scenario we lose a factor of about three for a couple of our observations at the lower
frequency range.
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7.2.4 Target selection
In the past years, results from the Kepler mission have shown that earth-size exoplanets are
common around other stars independent of their spectral type [Dressing & Charbonneau,
2013; Petigura et al., 2013; Batalha, 2014]. This has motivated recent searches of nearby
stars that cover a wider rage of spectral types including evolved stars and thus attempting
to avoid an anthropocentric view [Isaacson et al., 2017]. Here we have also followed this
approach.
For this project, we consider a volume limited sample independent of spectral type.
We have observed all the stars on the Northern Hemisphere7 within ﬁve pc. This sample
contains 21 stellar systems [Cantrell et al., 2013], which in summary are comprised of 13
single stars, seven binary systems and one triple system. These stars are mainly M dwarfs,
except for three K dwarfs, one F star, and two white dwarfs (WD).
Table 7.1 shows the list of science targets organized by their observing group. The
stars from each group were observed simultaneously during multi-beam observations. The
13 observing groups give us access to 52 TABs at full spectral bandwidth (SAP001 and
SAP002; see Section 7.2.2). We used 21 TABS for targeting our ﬁve pc sample, and another
19 for pulsar observations used as diagnostics. For the groups with only one science target,
or with no pulsar known within the SAP, we used the extra beams to observe other stars of
interest for ancillary science when possible. We used eight beams for observations of brown
dwarfs and two more for observations of stars with known exoplanets, the last two beams
were not used. The ﬁfth TAB of our multi-beam observations, with limited bandwidth
(SAP003; see Section 7.2.2), was mainly used for pulsar observations, except for once on a
brown dwarf and once it was not used. To observe the 13 groups at 5 bands (LBA1, LBA2,
HBA1, HBA2, HBA3) a minimum of 65 observations are needed. We used 75 observations
to cover the parameters space, the extra observations were needed to cover groups with
stars with wide separations between each other. A more detailed breakdown of all the
observations is given in Appendix 7.7.
In order to use the remaining beams with targets of interest, we selected a group of low
mass stars or systems with known exoplanets. These are classiﬁed as secondary targets
and taken separately from the main ﬁve-pc set.
7Although the horizon of the LOFAR core is closer to −30° in Declination, the sensitivity of drops
below a local elevation of about 30° as well [Nelles et al., 2015a].
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7.3 Data Reduction and Processing
In this Section, we describe the data acquisition, processing and validation. We developed
a pipeline speciﬁcally to be used at the SurfSARA8 computing center.
This pipeline consist of multiple steps shown in Figure 7.3, which in brief shows the
creation of coarse (∼kHz) and ﬁne (∼Hz) spectral resolution dynamic spectra from the long-
term-stored raw voltage data. The coarse resolution (with high time resolution) dynamic
spectra are used for RFI diagnostics, pulsar detection and observation validation. The high
frequency resolution dynamic spectra for the SETI analysis is described in Section 7.4.
8SurfSARA is a collaborative organization for ICT for research in the Netherlands
(https://www.surf.nl/). We use the more than 100k CPU hours awarded for this project. Details
of data management, and the diﬀerent SurfSARA infrastructure used are described in detail in Appendix
7.10.
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Table 7.1: Northern Hemisphere 5 pc Sample
Group ID Name R.A. +Decl. (J2000) Sep [deg]a Distance [pc] Spect Type
Primary Targets
1 GJ 905 23 41 55.0 +44 10 38 6.5 3.16 M5.5V
1 GJ 15 A,B 00 18 22.9 +44 01 23 6.5 3.57 M1.5V, M3.5V
2 GJ 35 00 49 09.9 +05 23 19 - 4.30 WD (DZ7)
3 GJ 83.1 02 00 13.2 +13 03 08 13.3 4.45 M4.5V
3 GAT 1370 02 53 00.9 +16 52 53 13.3 3.85 M7.0V
4 GJ 273 07 27 24.5 +05 13 33 2.96 3.76 M3.5V
4 GJ 280 A 07 39 18.1 +05 13 30 2.96 3.51 F5.0IV−V
4 GJ 280 B 07 39 18.1 +05 13 30 2.96 3.51 WD (DA)
5 GJ 1111 08 29 49.5 +26 46 37 - 3.63 M6.0V
6 GJ 380 10 11 22.1 +49 27 15 - 4.87 K7.0V
7 GJ 388 10 19 36.4 +19 52 10 15.7 4.89 M3.0V
7 GJ 406 10 56 29.2 +07 00 53 15.7 2.39 M6.0V
8 GJ 411 11 03 20.2 +35 58 12 7.6 2.54 M2.0V
8 GJ 412 A 11 05 28.6 +43 31 36 7.6 4.86 M1.0V,
8 GJ 412 B 11 05 30.4 +43 31 18 7.6 4.86 M5.5V
9 GJ 447 11 47 44.4 +00 48 16 14.0 3.35 M4.0V
9 GJ 473 A, B 12 33 17.2 +09 01 15 14.0 4.39 M5.0V, M7.0V
10 GJ 687 17 36 25.9 +68 20 21 11.3 4.54 M3.0V
10 GJ 725 A, B 18 42 46.7 +59 37 49 11.3 3.52 M3.0V, M3.5V
11 GJ 699 17 57 48.5 +04 41 36 - 1.83 M4.0V
12 GJ 1245 A, C 19 53 54.2 +44 24 55 14.7 4.54 M5.5V, M7.0V
12 GJ 1245 B 19 53 55.2 +44 24 56 14.7 4.54 M6.0V
12 GJ 820 A 21 06 53.9 +38 44 58 14.7 3.50 K5.0V
12 GJ 820 B 21 06 55.3 +38 44 31 14.7 3.50 K7.0V
13 GJ 860 A , B 22 27 59.5 +57 41 45 - 4.03 M3.0V , M4.0V
Secondary Targets
1 kap And 23 40 24.5 +44 20 02 52 A0V
3 2MASS J00320509+0219017 00 32 05.1 +02 19 01 24 L0.4V
5 2MASS J07584037+3247245 07 58 40.4 +32 47 24 - T0.0+T3.5
6 2MASS J11270661+4705481 11 27 06.6 +47 05 48 42 L1
7 2MASS J10071185+1930563 10 07 11.9 +19 30 56 - L9
8 2MASS J10525975+3344066 10 52 59.8 +33 44 07 3.4 - L0
9 2MASS J12314753+0847331 12 31 47.5 +08 47 33 - T5.5
10 2MASS J17224432+6329470 17 22 44.3 +63 29 46 60 L0.7V
11 2MASS J17260007+1538190 17 26 00.1 +15 38 19 - L2V
11 2MASS J17502484-0016151 17 50 24.8 -00 16 15 9 L5
13 HAT-P-40b 22 22 03.1 +45 27 26 470
aSeparation between targets within the tile beam.
Note. Table of targets separated by the Group ID. Each group was observed simultaneously during
multibeam observations. Distances and spectral types were taken from Cantrell et al. [2013], which also
discusses the properties of the Solar neighbourhood in detail. In summary, the sample selected here
comprises 13 single stars, 7 binary systems and 1 triple system.
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7.3.1 Data acquisition
The TAB conﬁguration adds the data streams coherently from all selected stations in the
following way.
At the station level, the data is recorded as complex-voltages, sampled at 5.12 μs. The
data is ﬁrst channelized by a Poly-Phase Filter (PPF) with a bandwidth of 195.312 kHz
per subband. The data are then streamed from each station for further online processing to
the COrrelator and Beamforming Application platform for the Lofar Telescope [COBALT;
Broekema et al., 2018]. The data is split into 64 sub-channels with a ∼3 kHz resolution
each by a standard FFT. This is followed by time delay and station bandpass corrections.
The latter is corrected by using known coeﬃcients of the PPF function and applying the
correction by a complex multiplication 9. Figure 7.4 shows a high resolution spectrum which
covers a single sub-band. The ripples at the edges are caused by the FFT correction of the
PPF channelization. It is clear from this ﬁgure that the FFT correction is suﬃcient to ﬁrst
order to remove the eﬀects of the PPF channelization as well as the station bandpass.
After these corrections, the signal is beamformed by adding frequency dependent phase
diﬀerences (or time delays) that account to an oﬀset from zenit and thus to the desired
pointing. The signals from all individual stations are then added coherently. For our
observing mode, the data is then stored in complex voltage format, which keeps both
phase and amplitude information for the two linear polarizations separately. Given the
sampling rate, and 32bit data format, the data rate per subband per TAB is ∼24 Mbps.
This translates to up to 21 Gbps for the multibeam setup explained in Section 7.2.2. The
total data collected from this project amounts to ∼140 TBs. The data were stored in the
Long Term Archive (LTA), which is provided by the International LOFAR Telescope (ILT)
for LOFAR observations.
7.3.2 Data Management
The ﬁrst step on the pipeline is to retrieve the data from the LTA. The data is then re-
quantized to 32-bit from the 8-bit format used for storage. This step is done by the code
digitize.py, which is a script part of the LOFAR PULsar Pipeline [PULP; Kondratiev
et al., 2016]. Storing the complex voltages (in .raw format) allows us to create a dynamic
spectrum for the desired speciﬁcations. Because of properties derived from the uncertainty
principle, one could either create high frequency resolution data with poor time resolution
or poor frequency resolution with high time resolution. Here we describe the two resolutions
we use for our analysis, ﬁrst we create a coarse frequency resolution (∼kHz) which is used
for pulsar analysis and observation diagnostics, and a ﬁne frequency resolution (∼Hz) used
for the SETI analysis. The Fourier Transform into the frequency domain for the two
resolutions and creation of dynamic spectra in ﬁlterbank (in .ﬁl format) format is done
9Personal communication with Jan Davi Mol, ASTRON, July 2015
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Figure 7.4: Example of a single 195.312 kHz subband at a high frequency resolution (1.49 Hz
per channel). The top panel shows the time-integrated spectrum. The right panel
shows the frequency-integrated time series. The central panel shows the frequency
versus time dynamic spectrum.
by the dspsr10 tool DIGIFIL [van Straten & Bailes, 2011], via the LOFAR Direct Access
Library (DAL) interface.
The parameters for creating the coarse resolution data product depend on having ob-
served a pulsar or not. If a pulsar was observed, a dispersion correction is applied coherently
at the DM of the observed pulsar, or with no correction if the target is not a pulsar. The
frequency resolution also depends on whether a pulsar is observed or not. If a pulsar is
not observed, then DIGIFIL channelizes the subbands into 340 channels of 19.53 kHz each
(in 8-bit format). If a pulsar is observed, then the resolution depends on the observed
frequency as well as on the magnitude of the DM. This distinction was created in order
to be able to analyse the pulsar data (see Section 7.3.4). For the case of HBA data 340
channels were used independent of DM. For the LBA data we use 340, 680, 1360, and 2720
channels for pulsars with DMs ≤ 10, > 10, > 30, and > 100 respectively. This corresponds
to frequency resolutions of 19.53, 9.77, 4.88 and 2.44 kHz respectively.
10http://dspsr.sourceforge.net
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Once the data is coarsely channelized, it is then inspected for RFI. We use the PRESTO11
tool RFIFIND [Ransom, 2001] for this task. If more than 75% of data is ﬂagged as RFI, the
analysis is aborted and the observation is discarded. Only 1.35% of the observations were
ﬂagged for excessive amount of RFI. Also, all the data below 17 MHz were not analysed
due to the persistent high levels of RFI, this corresponds to 1.41% of the data. Finally,
another 0.48% of the observations were aborted during analysis due to missing ﬁles, these
were found to be either corrupted or impossible to retrieve from the LTA. After the RFI
inspection, 96.6% was successfully analysed by the rest of the pipeline, this translates to
1,716 ﬁles.
We also note that even though the RFI level cut used is relatively high, the main purpose
for this cut is to remove corrupted data. During the SETI analysis, the narrow band RFI
is eﬃciently removed by the multi-beam approach (See Section 7.4.2).
After the data passes the quality checks, it is then re-channelized from the raw data
using DIGIFIL. We create ﬁles with 34 ∗ 217 = 4, 456, 448 channels, at 1.49 Hz resolution
(in 32-bit format). This data is then used for the SETI analysis (See Section 7.4).
7.3.3 SEFD and calibration
As shown in Section 7.2.3, the sensitivity of the telescope depends on the observing fre-
quency to ﬁrst order due to its large fractional bandwidth (Δν/ν ∼ 0.5). However, there
are other factors that play a signiﬁcant role as well. The most relevant aspects being a
dependence on elevation and azimuth, the contributions of ionospheric and Galactic noise,
as well as the number of active stations/dipoles.
The SEFD is generally characterized by the system temperature, Tsys, and the eﬀective
area of the array, Aeﬀ , by SEFD = 2kBTsys/Aeﬀ , with kB the Boltzmann constant. For LO-
FAR, this is more complicated given the factors just mentioned. For the case of Aeﬀ , there
is a dependency on frequency (∼ ν−2), elevation, and the number of active stations/tiles.
Also, Tsys is dependent on frequency. For low-frequency facilities, like LOFAR, the sky tem-
perature is signiﬁcant via the contribution of the Galactic synchrotron radiation [∼ ν−2.55;
Lawson et al., 1987]. The antenna temperature, TA, is also dependent on frequency and
can be ﬁtted by a sixth-order polynomial [Wijnholds & van Cappellen, 2011a; Kondratiev
et al., 2016]. Then Tsys(ν) = TA(ν) + Tsky(ν,Gal), where Gal, stands for the Galactic
contribution which is dependent on the Galactic longitude and latitude [de Oliveira-Costa
et al., 2008]. This is specially signiﬁcant for LBA observations [Schellart et al., 2013; Nelles
et al., 2015a].
For this work, we use the LOFAR pulsar ﬂux calibration software [lofar_psrflux.py;
Kondratiev et al., 2016] to calculate the SEFD at a given frequency for every single ob-
servation. This software can use one of three models to calculate the antenna response
for a given pointing direction and frequency. We used the default model provided by the
11http://www.cv.nrao.edu/ sransom/presto/
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software which is the Arts beam model [Arts et al., 2013], this is an improved version of the
Hamaker beam model [Hamaker, 2006] that includes edge eﬀects and grating lobes for a
24-tile HBA substation. More details of the calibration, as well as details of other eﬀects on
the senstivitiy can be found in Kondratiev et al. [2016]. The results from this calculation
for all our observations are shown in Figure 7.5, we show here the dependence on elevation.
The green lines correspond to the SEFD values in van Haarlem et al. [2013] normalized to
the core stations (Section 7.2.3). We can see that the model used here underestimates the
sensitivity of LOFAR at very low frequencies as well as in the HBA3 region. Development
of better models for both HBAs [Hamaker-Carozzi Bilous et al., 2016] and LBAs [Nelles
et al., 2015a] is ongoing.
Figure 7.5: SEFD as a function of frequency from all the observations in this project.
The SEFD is calculated by taking into account the number of stations used
for given observation. The dependence on elevation is shown colour-coded, in
general this clearly shows a lower SEFD for higher elevation. A single SEFD
value was calculate within the frequency range of each 6.6 MHz subband.
The green lines correspond to the SEFD values in van Haarlem et al. [2013]
discussed in Section 7.2.3.
We note one eﬀect in particular that is not corrected for by our calibration. The gain of
a tile beam or station beam decreases from the phase center outwards, the most common
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use of the LOFAR pulsar ﬂux calibration software is by having the pulsar of interest at the
phase center. Nevertheless, we assume that the correction within the beam is not signiﬁcant
[for an example of a single tile beam pattern, see Nelles et al., 2015b].
7.3.4 Pulsar Search and Validation
We describe here the pulsar analysis on the low frequency resolution data. As described
earlier, our multibeam observations consist mainly of a selection of nearby stars and pul-
sars. We have pointed the telescope towards the brightest pulsars within the FoV of each
station/tile beam for validation purposes.
The pulsar selection was done by identifying pulsars previously detected with LOFAR.
Bilous et al. [2016] and Kondratiev et al. [2016] made a census of most pulsars detected
by LOFAR at the time of our observing campaign. In addition, we used two other pulsars
that have been previously detected with LOFAR: PSR B2106+44 and PSR B2255+58.
Information about their pulse proﬁles have been published in Pilia et al. [2016], however
their ﬂux values were provided by Hassall et. al. (priv. comm.). The remainder of the
pulsars used in our observations were selected by extrapolating from observations at higher
frequencies using the ATNF Pulsar Catalogue12 [Manchester et al., 2005]. We note that
this last approach is uncertain, however, we proceeded given the availability of beams.
A detailed table with information about the pulsars observed during our observations is
shown in Appendix 7.9.
The main motivation for these observations is to help us diagnose the quality of the
observations. We assume here that a pulsar detection advocates for a well behaved obser-
vation. However, the main caveat of this approach is that the lack of a pulsar detection
does not necessarily mean a problem with the observation. In particular we note that the
pulsars not detected are the fainter ones which could be below our nominal sensitivity. Nev-
ertheless, if none of the pulsars for a given observation are detected, then the observation
is taken as uncalibrated.
We note that even though we use the detection of a pulsar as a means of inspecting the
quality of an observation, we do not use the pulsar detections as a ﬂux calibrator. It has
been shown that the absolute ﬂuxes from LOFAR observations could have large uncertain-
ties [at the 50% level, Bilous et al., 2016; Kondratiev et al., 2016]. Several reasons exist
for the level of uncertainty including: noise level on pulse proﬁle aﬀected by scattering,
changes of the pulsar ﬂux density due to refractive interstellar scintillation, beam jitter
caused by the ionosphere13, and variations of Tsys due to the presence of the Galactic plane
or noise coupling eﬀects. These could be very challenging to correct or even not possible.
See a more detailed description of these eﬀects in Kondratiev et al. [2016].
12http://www.atnf.csiro.au/people/pulsar/psrcat/
13http://www.astron.nl/dailyimage/index.html?main.php?date=20140123
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For the pulsar analysis, the pipeline uses the dspsr tool PREPFOLD to fold the data on
the given pulsar period, and to correct for the dispersion at the given DM. It uses the
RFI mask provided by RFIFIND. The pipeline takes the pulse proﬁle created by PREPFOLD
and calculates the SNR by taking the mean-substracted maximum value and diving it by
the rms. The mean and rms are calculated from the 90% lowest values from the proﬁle
to minimize the eﬀects of RFI. From the pipeline results, we found empirically that an
SNR > 6 is suﬃcient to correctly identify a pulsar detection (with the exception of one
marginal case with SNR=6.2). Examples of pulsar detections by this software kit are shown
in Appendix 7.9.
The resultant pulse detections from the pipeline amount to 55% of the 69 observations
(some pointings were re-observed making the total number of observations to be 75). The
number of pulsar detections varies considerably depending on the band. For the case of the
HBA1 range, about 92.3% of the pulsars were detected, but only 23.5% were found with
HBA3. We note that the pipeline takes a single ﬁle for processing, which contains only
6.6 MHz of bandwidth. The reduced bandwidth limits the detection of pulsars to only the
brightest.
Figure 7.6: Cumulative rate of pulsar detections for all the observation. The detection of
one pulsar (out of 3 possible) during an observations is regarded as a successful
observation.
In order to increase the number of pulsars detected, we further analyzed the pulsar
observations by concatenating together all six subbands for the given beam. This should
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in principle increase the sensitivity by the square root of the number of bands. This anal-
ysis is not part of the standard pipeline and it was done oﬀ-line for a subgroup of pulsar
observations. After this post-pipeline analysis we were able to identify a few more pulsars,
increasing the total to 61% of the 69 observations. Figure 7.6 shows the relative detection
ratios for all the ﬁve bands used in this project.
There are some possible explanations for the diﬀerent detection ratios between bands.
They could be dependent on the telescope itself, or on the astrophysics of pulsars.
Pulsars can experience a quiet emission mode, which is characterized by the complete
drop of ﬂux for a number of pulsar periods.
This can last for a signiﬁcant part of an observation or even the full duration, making
them hard or impossible to detect. Quiet mode have been seen on previous LOFAR obser-
vations for PSR B0823+26 [Sobey et al., 2015], and PSR B0943+10 [Hermsen et al., 2013;
Bilous et al., 2014]. In Appendix 7.9 we show the presence of a shift between bright to
quiet mode during observations of PSR B0823+26 (L251370), and it seems likely to be the
cause of non-detection for the immediate previous observation (L251368). Another eﬀect
is pulse nulling, which is characterized by the drop of ﬂux for a number of pulsar periods.
From the literature, we know that 12 out of the 34 pulsars we observed have shown some
level of pulse nulling which could aﬀect detectability [Gajjar, 2017, and references therein].
More information is shown in Appendix 7.9.
The spectral turnover of pulsars could also be causing non-detections. This refers to
a change of spectral index, α, from negative values at higher frequencies towards positive
values at lower frequencies (with S(ν) ∼ να, where S(ν) is the ﬂux density of the pulsar
at a given frequency). Most normal pulsars seem to turnover at frequencies between 100
and 250 MHz [Kondratiev et al., 2016, and references therein], coinciding with HBA1-3
region and aﬀecting primarily LBA observations. The intrinsic dimmer ﬂuxes at higher
frequencies could have aﬀected the HBA3 observations.
There are other possibilities which are dependent on the nature of the telescope and
the observations. One reason is that the SEFD values per band shown in Figure 7.5 are
signiﬁcantly diﬀerent. It is evident that HBA1-2 is the most sensitive frequency region of
LOFAR.
Another possibility is a software issue that caused incorrect values for the delay com-
pensation of individual dipoles. This issue occurred during the period of our observations,
and mainly aﬀected LBA observations14. It is unclear to what level this issue has aﬀected
our observations, there are some cases were a pulsar was detected even though there was
a claim by the observatory of the issue being present. The eﬀect maybe aﬀecting only the
weaker pulsars.
14http://www.astron.nl/radio-observatory/observing-capabilities/depth-technical-information/system-
notes/delay-compensation
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The ambient RFI also aﬀects the detectability of pulsars, decreasing the available band-
width. In the case of HBA3 observations, a signiﬁcant part of the bandwidth is usually
covered by RFI. We note that in general RFI seems not to be the main cause of non-
detections since we see similar RFI levels between observations with or without pulsar
detections. This may as well be aﬀecting only the weaker pulsars.
Finally, we note that our observations are not optimized for pulsar detections. Typical
pulsar observations last between 20 and 60 min, in contrast to our 12 min observations.
Additionally, most of our pulsar observations had the pulsar point a few degrees away from
the tile and station beam phase centers potentially decreasing sensitivity. Appendix 7.9
shows the angular distance between the pulsar and the tile phase center during the HBA
observations (this eﬀect would be minimal during LBA observations).
Given the multiple factors mentioned above that can aﬀect the detection of a pulsar in a
single sub-band, we take the detection of a single pulsar in at least a single subband as the
determinant of the performance of the full observation. We assume the model sensitivity
(Section 7.3.3) for all the beams of the given observation.
If no pulsar was detected during an observation, the observation is not discarded. How-
ever, the observation tagged as “low-quality”, candidate signals found in the next section
list whether a pulsar was not detected during that observation.
7.4 Narrowband Signal Analysis and Results
In this Section, we describe our SETI analysis. It consists of a search for narrow band
signals, followed by a muti-beam RFI excision approach. We present the results as well as
the most signiﬁcant events.
After the initial data quality analysis presented in the previous section, the pipeline
performs a narrow band search on all the diﬀerent beams independently, this allows for the
parallelization of the pipeline. The process is shown in Figure 7.3, the search is performed
on the high frequency resolution data, by a custom code denoted deDoppler (see Section
7.4.1). The results are tabulated and stored by the code seticombine (see Appendix 7.10).
The multi-beam analysis is performed “oﬀ-line”, after the processing pipeline has completed
the analysis of all the observations (see Section 7.4.2).
7.4.1 Search for Narrowband Signals
Narrow band signals originating from outside the Earth are aﬀected by Doppler acceleration
caused by celestial diﬀerential motions such as Earth’s rotation (other celestial movements,
such as the orbital movement around the Sun are less relevant). A putative interstellar
signal could potentially be aﬀected in a similar way by its host system. This eﬀect changes
the observed peak frequency of the signal over time. The rate of frequency drift of the
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signal or drift rate, ν˙, is usually measured in Hz s−1. For the case of the contribution from
the Earth’s rotation, the drift rate at 150 MHz15 is 0.017 Hz s−1.
The lack of frequency drift on a signal (given enough resolution), is a suggestion of its
local origin. On the other hand, having a signal experiencing a signiﬁcant drift rate, does
not make it extraterrestrial since many examples of our own technology show the same
property (i.e. orbiting satellites, aircrafts, and so on).
In order to maximize the SNR of the signal, a simple time integration over the dynamic
spectrum would not necessarily suﬃce. The smear of the signal caused by the frequency
drift can be approximated by a linear function given the short timescales of our observations.
Given a frequency resolution δν, and the total observing time τobs, if the signal is not
corrected for the drift, the signal power will drop by a factor of ν˙ τobs/δν, if keeping
the same frequency resolution, or by a factor of (ν˙ τobs/δν)1/2, if matching the frequency
resolution to ν˙ τobs. We also note the special case where ν˙ = δν/δt, with δt is the time
resolution, then the factor is τobs/δt. If ν˙ > δν/δt the signal is smeared over multiple δν
channel for a single δt bin. Other studies have compensated for this by decimating the data
to a lower frequency resolution [Siemion et al., 2013], the reduced eﬀect is then a drop in
SNR by a factor of (ν˙ δt/δν)1/2. We do not perform decimation in our study, thus we are
aﬀected by a factor ν˙ δt/δν.
One can then maximize the signal by summing along it given drift rate. Since the
intrinsic drift rate of a signal is unknown (and even potentially variable on timescales of
hours), one maximizes the probability of detection by optimizing the drift rate step, δν˙, as
well as maximizing the drift rate range of the search, Δν˙. We note, that one could further
improve the SNR, by correcting for the inter-bin smearing (δν˙ < δν/τobs), this can be done
coherently by applying a chirp correction on the raw complex voltages. This method is
very computing intensive and is beyond the available resources for this project16.
The minimum drift rate step is calculated by δν˙ = δν/τobs, using this value optimizes
the signal detection given the frequency resolution. For this project this value equates to
δν˙ = 2.1 mHz s−1. For the case of the drift rate range, we use the range Δν˙ = ±10Hz s−1.
The drift rate is a frequency dependent quantity for a given acceleration, having a linear
relation. Thus, the search range in this work is equivalent to a search of Δν˙ = ±56
Hz s−1at 1.4 GHz for our observations at 250 MHz, this encompasses the rotational and
orbital acceleration for any solar-system-like object (terrestrial and gas giant planets, moon,
asteroid), as well as the largest accelerations ever observed from rotation of exoplanets as
well as high eccentric orbits [Sheikh et al., in prep.]. For our observations at 20 MHz, the
same search range is then equivalent to Δν˙ = ±700 Hz s−1at 1.4 GHz, which allows for
even more extreme accelerations, this encompasses the largest known orbital acceleration
from an exoplanet which has been measured for Kepler-78b due to its short orbital period,
moreover it also encompasses the theoretical limits on rotation for both rocky and gas giant
15The drift rate at 1.4 GHz is 0.16 Hz s−1[Oliver & Billingham, 1971; Shuch, 2011]
16SETI@home performs this correction routinely.
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planets [Sheikh et al., in prep.]. Interestingly we note that given our frequency resolution,
the rotation of the Earth does not need to be corrected for frequencies below 18.1 MHz.
The code used for the narrow band search is named deDoppler17. We developed this
code based on a tree search algorithm developed for pulsar searches [Taylor, 1974], and
later implemented for narrow band searches [Siemion et al., 2013]. This algorithm is used
since it reduces the number of summations to a computational complexity of O(N logN)
which maximizes speed.
The drift rate associated to the signal is the one for which the SNR is maximized. Figure
7.7 shows the parameter space searched in order to ﬁnd the highest SNR of a signal. We
can see that in this example a detection around ν˙ = 0 Hz s−1and ν0 ∼124.4955 MHz. The
frequency shown represents the frequency of the signal at the beginning of the observation,
or ν0.
Figure 7.7: Signal strength (SNR) as a function of frequency and drift rate, ν˙ , or "bow-tie" plot.
The two edges of a single subband are shown here to illustrate the regions where the
searching algorithm was limited (see Section 7.4.1). Example of a detection of an
RFI above our threshold level.
We analyze each 195.312 kHz subband independently (see Section 7.3.1 for subband
description). In order to minimize the noise contribution from the ripples at the edges of
each subband, we ﬂagged a region of 10 kHz on each side, reducing the eﬀective bandwidth
by 5%. As an example, this is shown in Figure 7.7, where the frequencies below 124.492
MHz and above 124.668 MHz are ﬂagged.
17This code was developed in Python/Cython and has now evolved into turboSETI, available in github:
https://github.com/UCBerkeleySETI/turbo_seti
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We also note that due to edge eﬀects there are two regions in the frequency by drift
rate plot which do not contain information (ie. the lower frequencies can only be searched
for positive drift rates, where the higher frequencies can only be searched for negative drift
rates). This region is deﬁned by Δν = ν˙ τobs. Given our value for Δν˙, this range extends
up to a Δν = 7.2 kHz. Thus, we are are partially sensitive to the full Δν˙ range in 7% of
the frequency region (or not sensitive in the ν0ν˙ phase space by 1.75%). This eﬀect could
be overcome to some degree by adding data from the neighbour subbands. This would be
study in a later work.
Following the deﬁnition from Enriquez et al. [2017], a hit is deﬁned as the set of fre-
quency and drift rate for which a signal has a maximum SNR. In this work, the SNR is
calculated by subtracting the median value of a single subband, and dividing the result by
the standard deviation. This is calculated by ignoring the upper 10% and lower 20% of
the data in power, for each individual drift-corrected integrated spectrum. This method
was used in order to remove the eﬀect of outliers. The upper cut is used to remove the
contribution from RFI, while the lower cut is used to remove the contribution from the
ﬂagged regions shown in Figure 7.7.
The time integration of a signal after a diﬀerent drift correction returns a diﬀerent ν0
value for the same signal, this is clearly seen in Figure 7.7. To take this into account, a hit
at ν0 is selected as such after comparing its SNR with the maximum SNR values in a range
Δν = δν τobs = 1, 072 Hz around it. This is an iterative process on each drift-corrected
spectrum. This approach to ﬁnd hits could in principle reduce the eﬀective bandwidth.
A putative weak signal of interest within a region Δν of a stronger RFI signal would not
be detected. Given the number of hits found, discussed in Section 7.4.2, this eﬀect could
on average potentially aﬀect about 4% of the bandwidth. In Section 7.5.2.2 we discuss
possible methods to overcome this in future work.
7.4.2 Multi-beam analysis of resulting hits
The reasoning behind multibeam observations and its use for RFI excision analysis is
described is Section 7.2.2. Here we present the method and results.
The narrow band deDoppler search was performed on 1, 716 ﬁles (see Section 7.3.2),
each ﬁle was separated in 34 subbands (see Section 7.3.1). Thus, the total number of
independent sets of data that were analyzed is 58, 344.
Hits with an SNR ≥ 4 were collected, the total number of hits at this threshold is
3, 080, 785. This is about 53 hits per subband on average. Since each subband contains
131, 082 channels, from Guassian statistics, one could expect that about 4 hits per subband
on average are due purely from noise. In order to minimize these hits, we only used the
2, 411, 879 hits with SNR ≥ 5 for further analysis. We call this our “reference set” of hits.
For the SETI analysis we look at all the 389, 307 hits with SNR ≥ 10. At this threshold
we do not expect a single spurious contribution from noise statistics. We call these our
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“analysis set” of hits (which is a subset of the “reference set”). The frequency distribution
for the hits in the “analysis set” is shown in light blue in Figure 7.10. Observations in the
LBA1 region (10-50 MHz) are the most aﬀected by RFI, with an order of magnitude more
hits than in most of the other regions. Similarly, the RFI population can also be studied in
terms of their drift rate. Figure 7.11 shows the drift rate distribution using the same color
code. About 93% of the hits are in the range ±0.1Hz s−1, and about 48% of the hits are
characterized as having no drift.
As we described in Section 7.2.2, we used a mutibeam RFI excision approach to ﬁnd
the most signiﬁcant hits. Contrary to an astronomical signal, we expect RFI to appear in
multiple beams during an observation. In order to classify hits as RFI, we compare hits of
all beams from the same observation and around the same frequency. The SNR of an RFI
signal changes between beams, and this variability could generate false positives when the
RFI signal appears above the SNR threshold in only one beam.
In order to quantify the level of SNR variability between beams, we compared the SNR
values from the diﬀerent beams and compare them. We took those hits from the “analysis
set” which had no drift rate and for which there was another hit in at least three other
beams from the same observation. We calculate the relative SNR diﬀerence between the
largest and smallest value for each group, or relΔSNR = (SNRMAX − SNRMIN)/SNRMAX
. We show the results in Figure 7.8, the signiﬁcant diﬀerences in relΔSNR are evident
in particular at low SNRs. The median variability relΔSNR is 0.06 ± 0.1, this drops
to an median diﬀerence of 0.05 ± 0.07 for pairs with SNR > 50. In orange we show
the incompleteness limit which is described by SNRlimit = (SNR − SNRth)/SNR, where
SNRth = 10 is the threshold used. In order to ﬁll this gap, and thus to minimize the number
of false positives due to variability of the signal strength between beams, we compare each
hit from the “analysis set” to the hits in the “reference set” (with SNRth = 5). The
incompleteness limit related to the threshold used for the reference set is shown in the
same ﬁgure by the black line. We note that in practice the level of false positives is even
more signiﬁcantly reduced since we only require a signal to be present in at least two beams
in order to consider the hit as RFI.
Based on these results, we take each hit from the “analysis group” and search for hits
in the “reference group” from the concurrent beams during an observation. After grouping
the hits in this way for cases where hits have the exact same peak frequency ν0, we are
able to discard 89.7% of the hits in the analysis group. This eﬀective method leaves a total
of 41, 164 hits for further analysis. The frequency distribution for this resulting group is
shown in teal in Figure 7.10, also labelled as “Δv > 0 Hz”, this reduction is eﬃcient at
most frequencies. From Figure 7.11 we can see that the largest reduction occurs at the
central bin, for hits with ν˙ ≤ ±0.1Hz s−1.
Uncertainties in the measured drift rate could return diﬀerent ν0 values for the same
signal. We quantify the variability on the drift rate in Figure 7.9, where the drift rate
diﬀerence between associated hits from a given observation are shown as a function of their
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Figure 7.8: Relative SNR diﬀerence between signals from adjacent beams, in green circles. In-
completeness limits for hits with SNR ≥ 10 and SNR ≥ 5 are shown.
average drift rate. To create the plot, we used the hits which have a drift rate larger than
ν˙ > |0.01|, and are present in at least 4 beams with in a range Δν = 14.4kHz. Values shown
in the shaded area have an average drift rate lower than our limit because the reported drift
rate for one or more of the hits has an opposite sign, these are all likely non-drifting signals,
one may argue that this type of signals extends to larger drift rates. The granulation seen
at ΔDrift values lower than ν˙ > |0.01| is due to the drift rate step, δν˙, also the y-axis below
ν˙ > |0.01| is graphed linearly to include ΔDrift = 0.
One should not draw big conclusions form this ﬁgure since, diﬀerent modulations of
signals could bias the algorithm in unknown ways. Nevertheless, there seems to be a
general trend that for larger drift rates the discrepancy of drift rate increases. For most
cases, the diﬀerence in drift rate is below ±0.1 Hz, given τ0 this corresponds to a Δν of
about 144 Hz. However, for a number of cases the diﬀerence in drift rate extends to the
maximum value possible given δν = ±10Hz s−1which is Δν = 14.4 kHz.
Based on this study, we further identify RFI by grouping hits at several Δν values.
We do this at several Δν steps in order to get some insight into the RFI properties at
these frequencies. First, if we consider hits within the adjacent frequency channels, and
thus grouping hits within a range of 3.6 Hz (± 1.8 or about one frequency channel on each
side) we can further discard another 1.3% of the total (or 12.3% from the previous group),
169
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 180
Chapter 7 : SETI-LOFAR
Figure 7.9: Drift rate diﬀerence between associated hits of adjacent beams as a function of av-
erage drift rate. Hits for which ν˙ < |0.01| are not shown in the plot.
resulting in 36, 115 left over. The frequency distribution of this hits is also shown in Figure
7.10 (in cadet blue or labelled as “Δν > 3.6 Hz”).
If we then take Δν = 144 Hz (resulting from Δν˙±0.1Hz s−1), one can see in Figure 7.10
(in steel blue or labelled as “Δv > 144 Hz”) that in most frequency regions the number
of hits is reduced signiﬁcantly (another 3.3% from the total or 35.5% from previous group,
and 23, 292 hits left). On the contrary, in Figure 7.11, we see that only a small number
of hits with ν˙ > |0.1| Hz s−1 is removed for the frequency ranges below 144 Hz. This is
related to the apparent relation shown in Figure 7.9.
There are a couple of frequency regions such as between 28 and 45 MHz where further
signiﬁcant reduction of hits occurs only when we expand to Δν = 3.6 kHz shown in dark
green in both Figure 7.10 and 7.11. The total reduction is another 4.9% from the total or
82% from the left over hits (or 4, 203 hits left). Diﬀerent properties in signal modulation
at diﬀerent frequencies could account for the diﬀerent eﬀectiveness of the several frequency
ranges studied here.
Finally, given the drift rate range and the total time of an observation we investigate
two more cases. First, we take the range of 7.2 kHz around a signal and group all the hits
within that range. Only 54 hits remain (another 1.1% reduction of the total or 98.7% from
the previous group) which are shown in orange in Figure 7.10 and 7.11.
For the second case we take Δν = 14.4 kHz which is the maximum frequency range
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Figure 7.10: Frequency distribution of all the hits found above an SNR = 10. The complete
set of hits is shown in light blue. Multi-beam rejections given diﬀerent frequency
ranges are shown in multiple colors.
possible for this multibeam analysis given our limit of δν = ±10 Hz s−1. The number of
hits is further reduced to ﬁve. We take this as our ﬁnal list of most signiﬁcant hits. Their
location in Figures 7.10 and 7.11 is shown in red. We look at these most signiﬁcant hits in
detail in the next Section.
7.4.3 Most signiﬁcant hits
After we applied the multibeam analysis described in the previous sections, we studied in
detail the most signiﬁcant hits which pass our rejection criteria. In this Section we show the
results from this further analysis. We were able to classify these signals as false positives,
we identify them as RFI, or as numerical artefacts.
In Table 7.2, we show the most signiﬁcant hits obtained after applying a rejection fre-
quency range of Δν = 14.4 kHz. Also, in the same Table we show other signiﬁcant hits
which were obtained after applying a rejection frequency range of Δν = 7.2 kHz. These are
the most signiﬁcant hits because they would appear as the only signal among all neighbour
beams. Table 7.2, shows information about the observation such as the observation ID,
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Figure 7.11: Drift rate distribution of all hits found above SNR=10.
the beam at which the hit was identiﬁed, and the target name for which the beam was
pointing. Also, the information about the hit is presented (the initial frequency ν0, the
drift rate δν, and the SNR), as well as relevant notes related to the observation or the
frequency environment.
The ﬁve most signiﬁcant hits are shown at the start of Table 7.2, all show relatively low
SNRs close to the threshold, also all but one are from cases were only one TAB was used
within an SAP. One hit is from a beam pointing towards a nearby star, the rest are from
beams pointing in the direction of pulsars. These false positives can be classiﬁed in three
categories.
One hit is the classical example explained by Figure 7.8, where the strength of the
narrow band signal in other beams is below the threshold. The dynamic spectrum and
integrated spectrum of the beams is shown in Figure 7.12, the orange dashed line shows
the hit identiﬁed by the algorithm as signiﬁcant. It is evident from the integrated spectra
that the RFI signal in the two TABs from SAP001. Their SNR values were measured at
4.6 and 4.7, and thus avoiding rejection. This hit comes from the third SAP, which has
limited bandwidth and it was originally intended mainly for validation of the data (see
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Table 7.2: List of most signiﬁcant hits.
Obs ID Beam Number Target Name ν0 [Hz] δν [Hz s−1] SNR Notes
L241921 SAP001-B000 GJ83.1 243.589042 -9.9122 10.7 (a)(b)(d)
L241927 SAP001-B001 PSR J0152+0948 88.537665 -0.3122 15.2 (b)(d)
L243343 SAP002-B000 PSR J1022+1001 249.410430 -0.0104 10.5 (a)(b)(e)
L244331 SAP002-B000 PSR B1257+12 243.610451 -0.0021 10.8 (a)(b)(e)
L241833 SAP003-B000 PSR B1112+50 114.263806 -0.0021 11.1 (a)(f)
Notes. Top hits from the Δν = 14.4 kHz rejection region. (a) Single TAB within SAP. (b) Pulsar not
detected in this observation. (c) Secondary target of interest, not in the 5 pc set. (d) False positive
caused by edge eﬀects having a strong wideband at the edge of a subband. (e) False positive caused by
wideband ﬂuctuations within the subband for be diﬀerent beams. (f) False positive caused by power
ﬂuctuations of narrow band signals between the beams appearing below threshold.
Section 7.2.2). The beam separation between SAP003 and SAP002/SAP001 is 7.2/14.7
degrees, this clearly indicated that there is no direct relation between beam separation
and the strength of the RFI signal is evident. This is also the case for the separation in
azimuth alone. This is pointing to the fact that the sidelobe sensitivity to RFI does not
have an straightforward relation, nevertheless detailed modelling goes beyond the scope of
this work.
Two hits are associated with diﬀerent power levels of wideband signals around the hits
on the diﬀerent beams. This causes discrepancies in the reported hit parameters. Figure
7.13 shows an example of this power diﬀerence of the multiple beams. Figure 7.14 shows
the dispersed signals in the same way as for Figure 7.12. The integrated spectrum shows
that the relative power of the narrow band signal is similar between beams if we ignore the
contribution of the wideband signal to the noise ﬂoor.
In some cases, numerical artefacts were created due to wideband signals around the hit
location with high power at the edges of the subband. The last two hits from this group
are classiﬁed in this way. Figure 7.15 shows the dynamic spectrum of the two beams used
in this observation 18. The dashed line colored coral shows the supposed location of the
hit, no evident signal is found. Figure 7.16 shows the spectrum of the full subband for the
beams in this observation, the frequency region from Figure 7.15 is shown in the shaded
area.
In Table 7.3, we show the next group of signiﬁcant groups contains 49 additional hits.
Seven of those hits are from pointing in the direction of nearby stars, another 9 are pointing
in the direction of stars not in the 5-pc set. These stars are an arbitrary selection of stars
18Note that only one TAB for each SAP was created for this observation, the reason for the diﬀerent
setting is that no other known bright pulsar were within the FOV of the tile beam.
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Figure 7.12: Waterfall plots and integrated spectra for the four beams used in L241833.
known to have exoplanets, or other interesting properties. The remaining 33 hits are from
beams pointing in the direction of pulsars. All these hits were also identiﬁed as RFI or
caused by numerical artefacts.
.
7.5 Discussion
7.5.1 Limits
From our non-detections we can place limits on the prevalence of continuous narrow band
transmitters at LOFAR frequencies. From the sensitivity of LOFAR (Section 7.2.3), we
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Figure 7.13: Spectra from the three beams from observation L24343. The frequency range en-
compass one single subband. Shaded area in lightblue shows the region around the
hit, this frequency region is the same shown in Figure 7.14.
can say that during our observations there was no narrow band signal from the direction
of our targets. We can place a limit on the power of the transmitter with an EIRP greater
than about one hundred of what is possible with current levels of human technology.
In order to compare diﬀerent SETI projects, several ﬁgures of merit (FoM) have been
developed along the years [Drake, 1983; Horowitz & Sagan, 1993; Tarter, 2001; Harp et al.,
2016a; Enriquez et al., 2017; Gray & Mooley, 2017a]. This can be an intricate process since
diﬀerent SETI projects show a variation of observational and analytical techniques, in part
due to the uncertainty on the true characteristics of a putative technosignature, and also
due to pragmatic constrains given the available technology/telescope.
Enriquez et al. [2017] discusses the beneﬁts and weaknesses of several ﬁgures of merit
(FoM). Among others, they describe the Drake Figure of Merit [DFM; Drake, 1983] and
the Continuous Wave Transmitter Figure of Merit (CWTFM). The former focuses on sky
coverage regardless of location assuming an isotropic distribution of transmitters. The
latter focuses on the power demands of the source by calculating the EIRP a potential
transmitter should have in order to be detected given the maximum distance of a group
of targets. In other words, this FoM argues for the detectability of a signal given the
technology and resource limitations of the transmitter. Here we use the DFM and an
updated version of the CWTFM to compare our limits to previous SETI projects.
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Figure 7.14: Waterfall plots and integrated spectra for the three beams used in L243343.
We compare our results with other projects in the literature, in particular, we compare
to two projects at low frequencies [Tingay et al., 2016, 2018] which used the Murchison
Wideﬁeld Array [MWA; Tingay et al., 2013]. We also compare to the ﬁrst results from the
Breakthrough Listen project [Enriquez et al., 2017] as representative example of modern
searches around the “water hole” frequencies19. Table 7.4 shows the values used for compar-
ison and the results. Values for Enriquez et al. [2017] were taken directly from their Table 1.
The DFM is deﬁned by:
DFM = Δνtot Ω
Smin3/2
, (7.4)
19The frequency region between 1.4-1.7 GHz, see Oliver [1977].
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Figure 7.15: Waterfall plots and integrated spectra for the two beams used in L241921.
where Δνtot is the total bandwidth, Ω is the ratio of the total sky coverage, and Smin is
the minimum detectable ﬂux density. We use the same units for the DFM as shown in
Horowitz & Sagan [1993] for easy comparison (ie. [GHz m3 W−3/2]).
If we take the stellar locations as proxy for the locations of any ET transmitter, then
the isotropic assumption is only valid at a distance of about 1kpc [Drake, 1983] or at
cosmological distances. This assumption is harder to maintain for nearby stars given their
space density. Also, at distances larger than 1kpc the Galactic plane has a higher weight.
Searches targeting nearby and mid range galaxies also break this assumption.
Given these assumptions, we calculate the DFM for our search by taking into account
all the beams used independent of their target. We take the ﬁve frequency regions described
in Section 7.2.1 since both frequency and ﬁeld of view change signiﬁcantly. We then sum
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Figure 7.16: Spectra from the two beams from observation L241921. The frequency range en-
compass one single subband. Shaded area shows the region around the hit, this
frequency region is the same shown in Figure 7.15.
the individual DFMs into a total value of 7.4 × 1029 GHz m3 W−3/2. For comparison, the
DFM from Enriquez et al. [2017] is 2.4 × 1033 GHz m3 W−3/2.
The CWTFM as deﬁned in Enriquez et al. [2017], is directly proportional to the EIRP,
and inversely proportional to the number of targets and the fractional bandwidth. The use
of an EIRP is intended for taking into account the sensitivity of the observation as well
as astrophysical source being observed. This is not a new approach, as it was used in a
similar fashion for the “SETI Figure of Merit” [SETI FoM; Tarter, 2001].
One could argue that a single pointing can potentially contain Galactic stars in the
background besides the target of interest. Taking the number of stars known within 10
pc [Henry et al., 2018], one could calculate a stellar density for the solar neighbourhood.
Assuming this density is similar within a volume of 1 kpc, we calculate an average of 7.7×103
stellar systems per square degree. Then, in average, the number of stellar systems, nstars,
within the beam’s ﬁeld of view, ω, at a given distance, d, can be calculated by:
nstars(d, ω) = 317 ×
(
d
10 pc
)3
×
(
ω
41, 253 deg2
)
, (7.5)
This equation is valid only for a sphere with uniform stellar density, and d > 10pc.
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Table 7.3: List of other signiﬁcant hits.
Obs ID Beam Number Target Name ν0 [Hz] δν [Hz s−1] SNR Notes
L241833 SAP001-B000 GJ411 131.889987 9.6291 11.1 (d)
L241851 SAP001-B000 GJ380 75.304469 -9.5916 10.2 (d)
L241927 SAP002-B000 GAT1370 88.549346 -5.7616 19.4 (b)(d)
L242286 SAP001-B000 GJ1111 119.313329 0.0000 11.5 (a)(f)(g)
L242300 SAP001-B000 GJ273 245.754661 -4.5960 12.1 (b)(e)
L242780 SAP000-B000 GJ725 211.179706 -0.0687 11.8 (b)(d)
L242792 SAP001-B000 GJ699 211.186105 -1.2427 11.4 (d)
L241843 SAP002-B001 2MASS J11270661+4705481 143.276351 -5.6700 10.7 (c)
L242286 SAP002-B001 2MASS J07584037+3247245 128.810172 -0.0208 11.3 (c)
L242292 SAP002-B001 2MASS J07584037+3247245 40.060518 0.0167 11.2 (c)
L242794 SAP003-B000 2MASSJ17502484-0016151 36.808371 -0.0021 22.0 (a)(c)
L242794 SAP003-B000 2MASSJ17502484-0016151 36.813392 -0.0021 14.2 (a)(c)
L242794 SAP003-B000 2MASSJ17502484-0016151 36.818418 -0.0042 17.8 (a)(c)
L242794 SAP003-B000 2MASSJ17502484-0016151 36.823446 -0.0021 27.9 (a)(c)
L244317 SAP002-B001 HAT-P-40 243.605707 -9.9455 11.1 (c)
L244335 SAP002-B001 2MASS J12314753+0847331 88.542049 -4.1984 15.4 (c)
L241847 SAP001-B001 PSR J1012+5307 245.179835 -9.6936 36.7
L241897 SAP001-B001 PSR J0051+0423 144.775687 -7.9368 10.6
L241927 SAP002-B001 PSR B0301+19 88.545536 -0.6869 15.9
L242286 SAP001-B001 PSR B0823+26 137.781032 -7.1438 15.5
L242296 SAP002-B000 PSR B0820+02 144.589079 0.0000 18.4 (a)
L242770 SAP000-B001 PSR B2053+36 211.230909 0.1145 11.5
L242770 SAP000-B001 PSR B2053+36 245.179695 -9.4979 34.9
L242770 SAP001-B000 PSR B2106+44 245.766151 -4.3379 33.1 (a)
L242774 SAP001-B001 PSR B2000+40 88.537573 -3.1285 13.9
L242796 SAP001-B001 PSR B1802+03 88.551855 -5.9573 19.3
L243343 SAP001-B001 PSR J1046+0304 243.603251 -9.9080 14.9
L243345 SAP002-B001 PSR J1046+0304 18.442181 -0.0021 12.5
L244319 SAP001-B001 PSR B2255+58 17.004582 0.0000 24.1
L244319 SAP001-B001 PSR B2255+58 17.034735 0.0000 21.1
L244319 SAP001-B001 PSR B2255+58 17.054834 0.0000 14.9
L244319 SAP001-B001 PSR B2255+58 17.069901 0.0000 27.1
L241839 SAP003-B000 PSR B1112+50 30.167399 0.0000 58.6 (a)
L241839 SAP003-B000 PSR B1112+50 36.808436 0.0000 16.5 (a)
L241919 SAP003-B000 PSR J0137+1654 161.973100 -6.6255 10.5 (a)
L242292 SAP003-B000 PSR J0751+1807 30.306047 -0.0021 14.4 (a)
L242292 SAP003-B000 PSR J0751+1807 36.813398 0.0000 13.5 (a)
L242292 SAP003-B000 PSR J0751+1807 36.818418 0.0000 22.6 (a)
L242302 SAP003-B000 PSR B0656+14 30.268060 0.0000 19.5 (a)
L242302 SAP003-B000 PSR B0656+14 36.660939 0.0000 13.2 (a)
L242302 SAP003-B000 PSR B0656+14 36.700595 0.0000 11.4 (a)
L242302 SAP003-B000 PSR B0656+14 36.808374 0.0000 45.9 (a)
L242302 SAP003-B000 PSR B0656+14 36.813401 0.0000 13.2 (a)
L242772 SAP003-B000 PSR B2106+44 36.622462 -0.0042 32.9 (a)
L243345 SAP003-B000 PSR J1022+1001 36.623464 0.0000 40.8 (a)
L243345 SAP003-B000 PSR J1022+1001 36.813388 0.0000 72.5 (a)
L243345 SAP003-B000 PSR J1022+1001 36.818415 0.0021 12.7 (a)
L244319 SAP003-B000 PSR J2215+5135 36.622441 0.0250 10.2 (a)
L251378 SAP003-B000 PSR B0656+14 30.174096 0.0562 14.4 (a)
Notes. Top hits from the Δν = 7.2 kHz rejection region. Excluding the hits from Table 7.2. (a-f) Same
as in Table 7.2. (g) Only two beams used since other were rejected by the pipeline for having too much
RFI.
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Table 7.4: SETI projects at low frequencies.
This work Tingay 2016 Tingay 2018
TELESCOPE PARAMETERS
Telescope(s) LOFAR MWA MWA
LBA1 LBA2 HBA1 HBA2 HBA3
Baseline [m] 2,000 2,864 2,864
Number of Stations < 22.4 > a 128 128
Station Eﬀective Area [m2] 1200 300 570 400 220 21.5 21.5
Central Frequency (νmid) [MHz] 33.5 b 70 130 170 230 119.7 114.56
Beam Width [arcmin] c 16.9 8.1 4.0 3.1 2.3 3.1 3.2
Tsys [K] 39k 3.3k 760 550 23k 670 750
SEFD [Jy] 4k 1,370 165 170 12.9k 680 750
SEARCH PARAMETERS
Number of stars 21 38 16
SNR Threshold 10 5 5
τobs [min] 12 82 180
Drift Rate [Hz s−1] 10 NA NA
δν [Hz] 1.49 10k 10k
Δνtot [MHz] 198. d 30.72 d 30.72 e
Δνobs [MHz] 39.6 c 30.72 d 30.72 d
CALCULATED PARAMETERS
Sensitivity f [Jy] 1.2k 450 54 56 4.2k 3.4kg 2.6k f
Sky Coverage [deg2] 3.4 0.78 0.2 0.11 0.06 0.08h 0.04 i
DFM [GHz m3 W−3/2] 6.1 × 1028 7.1 × 1028 4.2 × 1029 2.4 × 1029 2.0 × 1026 2.3 × 1026 1.6 × 1026
EIRP(dMAX) [W] 3.4 × 1012 1.3 × 1012 1.6 × 1011 1.6 × 1011 1.2 × 1013 2.9 × 1019 1.0 × 1017
CWTFM(dMAX) 11 11.9 7.7 10.2 120 80k 10.5k
EIRPd1k [W] 1.4 × 1017 5.4 × 1016 6.5 × 1015 6.7 × 1015 5.1 × 1017 4.1 × 1017 3.1 × 1017
CWTFM(d1k) 27 130 330 750 16k 9k 16k
N_stars(d1k) 26k 6k 1.5k 880 480 600 280
a Most of our observations used 22 stations, some used 23 or 24 stations. The average number was 22.4
usable stations.
b The ﬁnal frequency range used is 17-50 MHz.
c Calculated using the central frequency.
d Useful band is 90%, see Section 7.4.1.
e Useful band is 78% [Tingay et al., 2016, 2018].
f We assume a 1 Hz wide signal . Sensitivity improvement due to Doppler acceleration correction is
ignored here.
g Diﬀerent from the image rms values in the respective literature. Here, we assume a narrow band
signal.
h Based on the searched exoplanet positions in a 400 deg2 image. If image was fully searched then DFM
= 1.2 × 1030
i Based on the searched exoplanet positions in a 625 deg2 image. If image was fully searched then DFM
= 2.8 × 1030
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This assumption is not valid after a distance of about 1kpc, where the contribution of the
Galactic plane becomes important. In future work we will explore this in more detail to
add the Galactic contribution.
To take this into account we present here a revised version of the CWTFM as follows,
CWTFM = ζAO
EIRP1/2
Nstars(d, ω) νrel
, (7.6)
where Nstars(d, ω) = nstars(d, ω)×Npointings is the total number of stars in a survey. Also,
νrel is the fractional bandwidth Δνtot/νmid, with central frequency νmid. It is also normalized
by the factor ζAO by which CWTFM=1 when Nstars = 1000, νrel = Δνtot/νmid = 1/2, and
EIRP = LAO = 2 × 1013 W (Section 7.2.3). Then, lower values of CWFTM show a more
signiﬁcant survey.
Moreover, the EIRP contribution has been reduced from its linear proportion as an
attempt having a more balanced FoM with respect to the contribution of the other factors.
By using the square root of the EIRP, its contribution is directly dependent on distance.
Based on this, the CWTFM will decrease in value as long as more stars are added to a
set at the lowest possible EIRP, in other words, this FoM is optimized for volume limited
samples. As an example, the lowest CWTFM for Enriquez et al. [2017] after the ﬁrst 526
stellar systems is that survey with CWTFM = 0.592, the occurs at a distance is 27 pc
which is the distance below which the sample is volume limited [Isaacson et al., 2017].
We calculate the CWTFM for two cases, one at the distance of the farthest star in
each sample, dMAX, and another at a distance of 1kpc, d1k For the former we use nstars =
1, and for the latter we use nstars(d1k, ω). We added the individual frequency regions
for this project with an harmonic sum. Then, for this work CWTFMdMAX = 2.4 and
CWTFMd1k = 25. For comparison, the updated FoM values for Enriquez et al. [2017] are
CWTFMdMAX = 0.83 and CWTFMd1k = 2.1, with an EIRP of 5.2 × 1012 W and 2.0 × 1015
W, respectively. For the case of CWTFMd1k , we update ζAO by calculating Nstars(d, ω)
with Npointings = 1000 and ω = 3′ which correspond to the AO beam size at 1.5 GHz.
In Figure 7.17, we illustrate the comparison between the several projects by showing
the Transmitter Rate deﬁned as (Nstars νrel)−1 as a function of the EIRP. Enriquez et al.
[2017] shows a similar ﬁgure with the diﬀerence of only reporting the total Trasmitter Rate
of the surveys, here we modify it to take into account the EIRP limit given the distance to
each individual star.
7.5.2 Lessons learned and future work
There are lessons to be learned from the analysis in this work. The observing strategy and
the algorithms could both be improved.
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Figure 7.17: Comparison of this work with other SETI projects via the Transmitter Rate as a
function of EIRP. We show the ﬁve band separately for our work. The black vertical
lines show the EIRP of the Arecibo planetary radar (LAO) as a dashed line, and
the power equivalent to the energy usage of a Kardashev Type I civilization (LKI)
as a solid line, which is equivalent to total solar power incident on the Earth’s
surface. The orange line shows a new representation of the results from Enriquez
et al. [2017].
7.5.2.1 Observing strategy
The lack of TABs in some SAPs may play a role in the eﬃcacy of the multibeam RFI
excision algorithm. If we exclude the SAP003 beams, the number of SAP beams with only
one TAB account for 8% of all beams. This is in contrast to the 75% found for the most
signiﬁcant hits, and even 16% when including the other signiﬁcant hits with a rejection
region of 7.2kHz. For the case of SAP003 beams, these are 18% of all beams. However, in
terms of number of hits, these correspond to 20% for the most signiﬁcant hits, or 42% when
adding the other signiﬁcant hits. This points to a drop in the eﬃcacy of the multibeam
approach for RFI excision when having only one TAB in the SAPs. To further add to this
point, Figure 7.18 shows the relative SNR diﬀerence (relΔSNR) between hits from TABs a
single SAP (eg. SAP001). There is a clear drop when compared to Figure 7.8, the median
relΔSNR is a factor of three lower (0.02 ± 0.04). Future work can mitigate this eﬀect by
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simply adding at least one extra TAB, even if it points to empty sky.
Figure 7.18: Relative SNR diﬀerence between signals from adjacent beams, similar to Figure
7.8. The blue circles here are calculated by taking TABs from the same SAP.
Another improvement to the observing setup would be to save the raw voltage data of
the SAP. This could in principle be compare to the TABs in the same multibeam analysis.
The reduced sensitivity of (Nstations)1/2 ≈ 5 would be compensated by the gain in solid
angle (∼ 1.2 × 106 assuming a 20 degree beam for an HBA SAP).
One more observing setting is to use the core stations in Fly’s Eye mode. In this
mode each station is pointing at diﬀerent locations maximizing solid angle at the cost of
sensitivity. In this parameter space it is possible to cover the full sky at a given time with
the the LBA stations given the beamwidth at 18 MHz.
7.5.2.2 Development of new searching algorithms.
Improvements to the search algorithm could be developed at the Doppler acceleration
search level and at the multibeam RFI excision level.
Diﬀernt types of RFI could cause the behaviour of the search algorithm to diﬀerent
between frequency regions. For instance, the power variability of wideband signals seems
more prominent for LOFAR at low frequencies in the Netherlands, than for the GBT at
L-band in West Virginia, US [Enriquez et al., 2017]. Development of robust bandpass cor-
rections would help on this regard. More advanced bandpass correction would have the
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drawback of needing more computational resources slowing down the search. An interme-
diate example could be to use a smaller region of frequency bandwith to calculate the noise
level, characteristic widths of wideband RFI appear to be in the tens of kHz, using such
a width may reduce signiﬁcantly the number of false positives with a minimal increase in
computing power.
In Section 7.4.1 we described the process of hit detection performed by the Doppler
search algorithm. This process uses a region around the signal of Δν = δν τobs, within this
region, only one hit is found. This limitation decreases the eﬀective bandwidth search.
To improve this, there are multiple approaches one could take. The region Δν could be
made ν˙ dependent. This would have the opposite eﬀect for cases were ν˙ > δν, but for most
cases this would be beneﬁcial. One could also add an iterative process that could run the
Doppler search algorithm in the Δν region after ﬂagging the hit at the measured ν0 and ν˙.
However, one should caution the use of ν˙ between the beams as discriminator, as shown in
Figure 7.9, there could be signiﬁcant diﬀerences.
Another approach is to do the hit detection on the ν˙ × ν plane (ie. Figure 7.7). A
localization algorithm in this plane allows for signals having similar frequency ν0 but dif-
ferent ν˙. One way of localizing hits this way is with a 2D gaussian ﬁt (see Zhang et al.
[2018] for an example on FRB detections). One practical limitation of this approach is the
computational power and the storage capacity needed could increase signiﬁcantly. For the
case of storage, the search is taken from a frequency channels × time bins to a search
in frequency channels × drift rate bins, assuming the same search parameters from this
work there is a factor of ∼ 13 increase.
For the case of multibeam RFI excision, another approach would be to ﬁrst calculate the
absolute value of the diﬀerence between beams ("ON-OFF") which then can be analysed
by the Doppler acceleration search. This could be promising given the high similarities
of the RFI environment between beams. This has the potential to speed up the search
by searching a reduced number of dynamic spectra, as well by potentially having less RFI
present.
7.6 Conclusion
The search for radio technosignatures at low frequencies could be of special interest. Abor-
tion or scattering at a low frequency value could place a natural limit for interstellar radio
communications. Narrow band signals are less aﬀected by Doppler accelerations. More
over wide ﬁeld searches are easier technologically. A civilization with the intention of being
detected may choose the low frequency end of the spectrum for these reasons.
We show that LOFAR is sensitive to radio transmitters with a power comparable with
our own technology (ie. Arecibo Planetary Radar) if they exist around stars in the solar
neighbourhood. This work focuses on the search of narrow band signals, the main reason
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being their potential as discriminator between astrophysical and artiﬁcial radio signals.
This is a volume limited search of all stars up to a distance of ﬁve parsecs which
are visible from the LOFAR sky. The 21 stellar systems within this volume were observe
simultaneously with pulsars and other targets of interest by using the mutibeam capabilities
of LOFAR.
We used all the available frequency range of LOFAR (17-250 MHz), and saved the raw
complex voltage data to disk for oﬀ-line high resolution channelization (1.49 Hz). We use
a Doppler acceleration search algorithm to localize narrow band signals with a drift rate
range of ±10 Hz s−1. The range of accelerations proved are equivalent to a search up to
±700 Hz s−1 at 1.4 GHz, potentially setting a record for SETI searches. One could argue
that low frequencies could be preferred for a beacon signal given that the drift rate is
minimized at low frequencies for a given acceleration.
By using a multibeam RFI excision approach we were able to identify all the narrow
band signals as human-made. We used known ﬁgures of merit in order to compare our
results to other projects, and updated the CWTFM [Enriquez et al., 2017] . Given that the
number of SETI projects carried out at low frequencies is small. The modest star sample
presented here could be considered the most signiﬁcant search of narrow band signals at
MHz frequencies to date. Although a considerable increase in the parameter space proved
at these frequencies could be achieved in the near term with current telescopes and regular
observing proposals.
From the number of nearby stars proved, we could try to put an upper limit in the
number of civilizations in the galaxy given some signiﬁcant assumptions. We assume that
other civilizations would have transmitters powering narrow band signals in our direction
continuously, and that the transmitted signal is at the LOFAR frequencies. Thus, with
the given assumptions we could say that less than about 4% of stars host this kind of
transmitters to power levels capable by our own technology with an EIRP of 1.6× 1011 W.
We note that this power limit is a couple of orders of magnitude lower than the strongest
transmitter available to us (AO with an EIRP of 2.0×1013 W). This result has low statistical
signiﬁcance given the small value and number of stars proved, unless we live in a galaxy
with highly homogeneous density in terms of the distribution of powerful radio transmitters
which is highly speculative.
We could in some ways increase the statistical signiﬁcance by taking into account the
background stars within the beam to a larger distance. We estimate the number of back-
ground stars within 1 kpc which is frequency dependent. At 130 MHz, we estimate 1,500
stars, and thus we give an upper limit of 0.07% with an EIRP of 6.5 × 1015 W. At 33.5
MHz we estimate 26k stars within the same volume, and thus an upper limit of 0.004%
of stars with transmitters with an EIRP of 1.4 × 1017 W. We note that this numbers still
allow for about 900 million civilizations in the Milky Way alone.
The main diﬃculty for technosignature searches in the radio is the large number of
signals produced by our own technology (RFI). The multibeam analysis shows a great
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promise in this front by being able to unambiguously identify very precisely the great
majority of the narrow band RFI signals in our data. Recent involvement of Breakthrough
Listen with the MeerKAT telescope, could greatly beneﬁt from a multibeam approach as
used here, or at least help inform future development.
With the continuing development of phased arrays and focal plane arrays which allow
for wide ﬁelds of view and multibeam capabilities, we are witnessing the beginning of a
great future of multibeam SETI. Future facilities such as the SKA would expand the search
even further with the much improved sensitivity. This would allow SKA SETI experiments
to prove the radio-leakage sphere at similar power levels to our own technology to tens
of thousands of stars in the solar neighbourhood Siemion et al. [2015]. It may be within
our grasp, to know in a robust way, if there is any other civilization with our own level
of technology or higher in our galaxy once telescopes like the SKA phase 2 come online
[Grimaldi & Marcy, 2018].
LOFAR could still be an important contributor at the lowest frequencies. It will also
have access to the part of the northern sky which would be unavailable to the SKA. Its
ability for multi-beam observations have been shown to remove terrestrial signals eﬀec-
tively. Development of commensal observations can also help on the available cadence.
The possible evolution to LOFAR 2.0 would likely increase the sensitivity as well.
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Table 7.5 shows the distribution of science targets and pulsars for each individual observa-
tion ID. Beams demarcated as “None” were not observed.
7.8 Appendix B: RFI environment
The RFI environment varies considerably between bands. In this appendix we show exam-
ples for each band during RFI quiet and active events.
The software used by the pipeline to look at the RFI environment is RFIFIND. For
which we use a single set of values for the diﬀerent statistics and thresholds. The speciﬁc
command is:
rfifind -o filebasename -blocks 1 -timesig 3 -clip 3 -freqsig 3
filename.fil
These values are strongly stringent in order to maximize RFI removal in the low resolu-
tion data to help with the pulsar analysis. This has various levels of performance depending
on the RFI environment.
In order to show a full band, we show here the RFIFIND plot results from the post-
pipeline analysis where we combined the six subbands of an observation into one (Section
7.3.4). The RFIFIND parameters used varied depending on the data set, we adjusted man-
ually in order optimized the RFI excision.
Starting with LBA1 (10-50 MHz), we show Figure 7.19 as an example of an RFI quiet
environment. Using RFIFIND we found an RFI level (“number of bad intervals”) at 8.6%,
with the following parameters:
rfifind -o filebasename -blocks 1 -timesig 5 -clip 4 -time 5 filename.fil
In Figure 7.20, we show an example of an RFI active environment, with the RFI level
at 53.3%. The following RFIFIND parameters were employed:
rfifind -o filebasename -blocks 1 -timesig 3 -clip 3 -time 2 -freqsig 3
filename.fil
For the case of LBA2 (50-90 MHz), we show in Figure 7.21 as an example of an RFI
quiet environment, with the RFI level at 2.1%. RFIFIND was used with the following pa-
rameters:
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Table 7.5: Observing Log.
Obs ID SAP001-B000 SAP001-B001 SAP002-B000 SAP002-B001 SAP003
L241833 GJ411 2MASSJ10525975+334406 GJ412 None PSRB1112+50
L241835 GJ411 2MASSJ10525975+334406 GJ412 None PSRB1112+50
L241837 GJ411 2MASSJ10525975+334406 GJ412 None PSRB1112+50
L241839 GJ411 2MASSJ10525975+334406 GJ412 None PSRB1112+50
L241841 GJ411 2MASSJ10525975+334406 GJ412 None PSRB1112+50
L241843 GJ380 PSRJ1012+5307 PSRB1112+50 2MASSJ11270661+4705481 None
L241845 GJ380 PSRJ1012+5307 PSRB1112+50 2MASSJ11270661+4705481 None
L241847 GJ380 PSRJ1012+5307 PSRB1112+50 2MASSJ11270661+4705481 None
L241849 GJ380 PSRJ1012+5307 PSRB1112+50 2MASSJ11270661+4705481 None
L241851 GJ380 PSRJ1012+5307 PSRB1112+50 2MASSJ11270661+4705481 None
L241897 GJ35 PSRJ0051+0423 PSRJ0030+0451 2MASSJ00320509+0219017 PSRJ0034-0534
L241899 GJ35 PSRJ0051+0423 PSRJ0030+0451 2MASSJ00320509+0219017 PSRJ0034-0534
L241901 GJ35 PSRJ0051+0423 PSRJ0030+0451 2MASSJ00320509+0219017 PSRJ0034-0534
L241903 GJ35 PSRJ0051+0423 PSRJ0030+0451 2MASSJ00320509+0219017 PSRJ0034-0534
L241905 GJ35 PSRJ0051+0423 PSRJ0030+0451 2MASSJ00320509+0219017 PSRJ0034-0534
L241907 GJ905 kapAnd GJ15 PSRB0011+47 PSRB2310+42
L241909 GJ905 kapAnd GJ15 PSRB0011+47 PSRB2310+42
L241911 GJ905 kapAnd GJ15 PSRB0011+47 PSRB2310+42
L241913 GJ905 kapAnd GJ15 PSRB0011+47 PSRB2310+42
L241915 GJ905 kapAnd GJ15 PSRB0011+47 PSRB2310+42
L241917 GJ83.1 PSRJ0152+0948 2MASSJ02530084+1652532 PSRB0301+19 PSRJ0137+1654
L241919 GJ83.1 PSRJ0152+0948 2MASSJ02530084+1652532 PSRB0301+19 PSRJ0137+1654
L241921 GJ83.1 None PSRJ0152+0948 None PSRJ0137+1654
L241923 2MASSJ02530084+1652532 None PSRB0301+19 None PSRJ0329+1654
L241925 GJ83.1 PSRJ0152+0948 2MASSJ02530084+1652532 PSRB0301+19 PSRJ0137+1654
L241927 GJ83.1 PSRJ0152+0948 2MASSJ02530084+1652532 PSRB0301+19 PSRJ0137+1654
L242286 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
L242288 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
L242290 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
L242292 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
L242294 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
L242296 GJ273 GJ280 PSRB0820+02 None PSRB0656+14
L242298 GJ273 GJ280 PSRB0820+02 None PSRB0656+14
L242300 GJ273 GJ280 PSRB0820+02 None PSRB0656+14
L242302 GJ273 GJ280 PSRB0820+02 None PSRB0656+14
L242304 GJ273 GJ280 PSRB0820+02 None PSRB0656+14
L242764 GJ1245 PSRB2000+40 GJ820 PSRB2053+36 PSRB2106+44
L242766 GJ1245 PSRB2000+40 GJ820 PSRB2053+36 PSRB2106+44
L242770 GJ820 PSRB2053+36 PSRB2106+44 None None
L242772 GJ1245 PSRB2000+40 GJ820 PSRB2053+36 PSRB2106+44
L242774 GJ1245 PSRB2000+40 GJ820 PSRB2053+36 PSRB2106+44
L242776 GJ725 PSRB1839+56 GJ687 2MASSJ17224432+6329470 PSRB1953+50
L242778 GJ725 PSRB1839+56 GJ687 2MASSJ17224432+6329470 PSRB1953+50
L242780 GJ725 PSRB1839+56 PSRB1753+52 None None
L242782 GJ687 2MASSJ17224432+6329470 PSRB1839+56 None None
L242784 GJ725 PSRB1839+56 GJ687 2MASSJ17224432+6329470 PSRB1953+50
L242786 GJ725 PSRB1839+56 GJ687 2MASSJ17224432+6329470 PSRB1953+50
L242788 GJ699 PSRB1802+03 PSRB1737+13 2MASSJ17260007+1538190 2MASSJ17502484-0016151
L242790 GJ699 PSRB1802+03 PSRB1737+13 2MASSJ17260007+1538190 2MASSJ17502484-0016151
L242792 GJ699 PSRB1802+03 PSRB1737+13 2MASSJ17260007+1538190 2MASSJ17502484-0016151
L242794 GJ699 PSRB1802+03 PSRB1737+13 2MASSJ17260007+1538190 2MASSJ17502484-0016151
L242796 GJ699 PSRB1802+03 PSRB1737+13 2MASSJ17260007+1538190 2MASSJ17502484-0016151
L242804 GJ1245 PSRB2000+40 PSRB2106+44 None None
L243337 GJ388 2MASSJ10071185+1930563 GJ406 PSRJ1046+0304 PSRJ1022+1001
L243339 GJ388 2MASSJ10071185+1930563 GJ406 PSRJ1046+0304 PSRJ1022+1001
L243341 GJ388 2MASSJ10071185+1930563 PSRJ0943+22 None PSRB0940+16
L243343 GJ406 PSRJ1046+0304 PSRJ1022+1001 None None
L243345 GJ388 2MASSJ10071185+1930563 GJ406 PSRJ1046+0304 PSRJ1022+1001
L243347 GJ388 2MASSJ10071185+1930563 GJ406 PSRJ1046+0304 PSRJ1022+1001
L244313 GJ860 PSRB2255+58 PSRB2217+47 HAT-P-40 PSRJ2215+5135
L244315 GJ860 PSRB2255+58 PSRB2217+47 HAT-P-40 PSRJ2215+5135
L244317 GJ860 PSRB2255+58 PSRB2217+47 HAT-P-40 PSRJ2215+5135
L244319 GJ860 PSRB2255+58 PSRB2217+47 HAT-P-40 PSRJ2215+5135
L244321 GJ860 PSRB2255+58 PSRB2217+47 HAT-P-40 PSRJ2215+5135
L244325 GJ447 PSRJ1142+0119 GJ473 2MASSJ12314753+0847331 PSRB1133+16
L244327 GJ447 PSRJ1142+0119 GJ473 2MASSJ12314753+0847331 PSRB1133+16
L244329 GJ447 PSRJ1142+0119 None None None
L244331 GJ473 2MASSJ12314753+0847331 PSRB1257+12 None None
L244333 GJ447 PSRJ1142+0119 GJ473 2MASSJ12314753+0847331 PSRB1133+16
L244335 GJ447 PSRJ1142+0119 GJ473 2MASSJ12314753+0847331 PSRB1133+16
L251378 GJ273 GJ280 PSRB0820+02 None PSRB0656+14
L251380 GJ273 GJ280 PSRB0820+02 None PSRB0656+14
L252951 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
L251368 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
L251370 GJ1111 PSRB0823+26 PSRB0751+32 2MASSJ07584037+3247245 PSRJ0751+1807
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rfifind -o filebasename -blocks 1 -clip 5 filename.fil
In Figure 7.22, we show an example of an RFI active environment. The RFI level found
with RFIFIND is at 14.9%, using the following parameters:
rfifind -o filebasename -blocks 1 -clip 5 filename.fil
From the HBA1 (110-150 MHz) analysis, we show in Figure 7.23 as an example of an
RFI quiet environment, with RFIFIND we found an RFI level of 5.1%, with the following
parameters:
rfifind -o filebasename -blocks 1 -clip 5 -freqsig 4 filename.fil
In contrast, Figure 7.24 is an example of an RFI active environment, with the RFI level
at 36.0%, the RFIFIND values used are the following parameters:
rfifind -o filebasename -blocks 1 -timesig 3 -clip 3 -freqsig 3
filename.fil
The HBA2 (150-190 MHz) band appears to be the most RFI stable of all, although not
the most quiet. In Figure 7.25 we show an example of the lower end of the RFI environment
for this band, with RFIFIND the RFI level 11.7%, with the following parameters:
rfifind -o filebasename -blocks 1 -time 5 -timesig 5 -clip 4 filename.fil
In Figure 7.26, we show an example of the upper end of the RFI environment for this
band, the RFI level is 13.2%, with:
rfifind -o filebasename -blocks 1 -timesig 4 -clip 4 -freqsig 3
filename.fil
Finally, for the case of HBA3 (210-250 MHz), the RFI environment is more active than
other bands. We show in Figure 7.27 an example of a relatively RFI quiet environment.
The RFI level is at 24.2%, by using RFIFIND with the following parameters:
rfifind -o filebasename -blocks 1 -clip 4 filename.fil
In Figure 7.28, we show an example of an RFI active environment, with the RFI level
at 50.4%. The RFIFIND parameters used are:
rfifind -o filebasename -blocks 1 -time 5 -timesig 4 -clip 4 -freqsig 3
189
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 200
Chapter 7 : SETI-LOFAR
filename.fil
Future versions of the pipeline could have an optimized set of parameters depending on
the band, alternatively, an optimized set of values could be devised depending on the RFI
level and pulsar parameters.
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This appendix covers in more detail the speciﬁcs of the pulsar analysis. In particular, we
lists information about the pulsar observations in Table 7.6. We also outline and give ex-
amples of the analysis done in PREPFOLD. Finally, we describe results from the observations
of PSR J0051+0423 and PSR J0823+26.
7.9.1 Pulsar Observations
Table 7.6 shows the 34 pulsars observed during our campaign. We show the pulsar name,
and the observation group. For the 16 detected pulsars, we summarize on which band(s)
each of these pulsars was detected. We show the DM and mean ﬂux density values at
600 and 400 MHz from the ANTF catalogue, as well as the mean ﬂux density at 150 and
50 MHz from the literature. We present the angular distance to the phase center of the
HBA tile beam which could be a signiﬁcant parameter given the size of the beam, we
ignore such a calculation for the LBA observations since it is irrelevant given the much
larger beam size. Finally, we note particular pulsar properties or selection criteria on the
last column. For example, we report on pulsar properties like the Nulling Franction (NF),
which is the fraction of null pulses in a sequence of pulse periods. Also we note which ones
are millisecond pulsars (MSPs).
Based on the information collected in Table 7.6, we can explore several reasons for the
rate of detection. We note however, that the main goal of this project is not the detection
of all the pulsars, detecting a single pulsar per observation is considered enough argument
for the quality of the observation. Thus, an exhaustive search for every pulsar was not
performed and is considered beyond the scope of this project.
In general terms, the rate of detection is higher for brighter pulsars as expected. For
the case of HBA observations, we can put an empirical limit on their sensitivity from the
estimated ﬂuxes at 150 MHz. The minimum mean ﬂux density detected was 35 mJy. This
threshold holds for all pulsars which ﬂuxes were calculated in Bilous et al. [2016], where
all pulsars brighter than this limit were detected. This does not hold for the pulsars with
ﬂux measurements from Hassal et. al. (priv. comm.) or [Kondratiev et al., 2016]. For the
case of LBA observations, all the ﬂux density values are calculated by Hassal et. al. (priv.
comm.), the minimum mean ﬂux density detected was 50 mJy, although several pulsars
with cited larger ﬂux measurements were not detected.
The detection rate of MSPs is lower than regular pulsars. From the eight MSPs ob-
served, only two were detected in HBA and one of those in LBA. Also, a correlation between
detection and brightness seems to be absent. The low detection rate maybe related to a
bias in our analysis against broadened pulses. Two of the non-detected MSPs have pre-
dicted scatter-broadening times which are larger than half the pulse period (Hassal et. al.
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priv. comm.).
In general terms, it seems that the angular distance between the pulsar and the phase
center of the tile beam may have inﬂuenced the detection rate, although marginally. We
compare the detection rate for angular distance larger or smaller than 10 degrees, the for-
mer has a detection rate of 40% while the latter has a detection rate of 50%. This may
hint for a drop in the beam sensitivity. From Section 7.2.2, we know that the tile beam,
FWHMTILE = 12 deg, at 200 MHz, which means that all but two pulsars were within the
tile beam FWHM. Those two pulsars were used for the third station beam (SAP003), one
of them was actually detected in HBA1.
7.9.2 Pulsar analysis
We show now the speciﬁc parameters we use during the pulsar analysis. The software
used by the pipeline include RFIFIND, PREPFOLD, and dspsr. RFIFIND is described in the
Appendix 7.8.
We use PREPFOLD with the following format:
prepfold -par pulsar.par -o filebasename -mask filebasename_rfifind.mask
-nosearch -fine -noxwin -nsub 34 -npart 128 -n 128 -start 0.0 -end 1.0
filename.fil
The value for ‘nsub’ was deﬁned by the number of PPF channels in a single subband
(See Section 7.3.2), the other parameters are standard values. Given that we have ‘.par’
ﬁles for every pulsar with known values of DM a period, we performed the search with the
‘nosearch’ and ‘ﬁne’ options.
We note that this approach was successful for the most part, but there was one case, PSR
J0030+0451, where a search on the period was needed to have a detection, after failing to do
so by using the period in the .par ﬁle (created with information from the ATNF catalogue).
This second approach was perform at the post-pipeline processing stage. Future versions
of the pipeline could run a search on the DM and period, if the pulsar is not found on the
ﬁrst try.
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7.9.3 Individual Pulsar Results
In this Section we show a couple interesting results from the pulsars observations in our
program.
7.9.3.1 PSR J0051+0423
PSR J0051+0423 is the only pulsar from our detected sample that does not have a mean
ﬂux density in the literature to the best of our knowledge. Thus, we provide our estimated
values here. We note that this pulsar has only been detected with LOFAR previously in
HBA, an uncalibrated pulse proﬁle was presented in Pilia et al. [2016]. Here we present
HBA and LBA detections.
In Table 7.7 we show our estimates on the pulsar ﬂux for each of the observations. We
note that this values are uncertain given that we only observe the pulsar for a single 12
minute observation at each band. Nonetheless, we ﬁnd it valuable to share our results with
the community. The mean ﬂux density, Sm, was calculated using the radiometer equation
tailored for pulsar observations described by Eq. (7.10) in Lorimer & Kramer [2004]. We
calculated Sm, by
Sm = S/N ∗ SEFD ∗
√
1
np Δν tobs
√
W
P − W (7.7)
where the SEFD estimate is the mean value for the given observations as shown in
Section 7.3.3. The number of polarizations np = 2, the frequency band Δν ≤ 39.6 MHz,
and the observation length tobs = 12 min. The mean ﬂux density found for the HBA1 ob-
servation is a lower limits given that this observation suﬀered from the delay compensation
issue (see Section 7.3.4), this is clearly seen in the rotational phase vs. frequency PREPFOLD
proﬁle.
Figures 7.29, 7.30, 7.31, and 7.32 show the resulting pulse proﬁles from PREPFOLD. There
appers to be an evolution on the pulse proﬁle between the bands, more observations are
required to conﬁrm this. Based on our results, it is not evident that this pulsar undergoes
a turn over for frequencies above 30-50 MHz. We estimated an average spectral index of
α =2.5, for the 20-190 MHz range.
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Table 7.6: List of pulsars observed during this campaign.
Name Detected∗ S600A S400 A S150 ∗∗ S50 H DM A Group dtile ∗∗∗ Notes ∗∗∗∗
(mJy) (mJy) (mJy) (mJy) [deg]
PSR B2310+42 L12H12 46 7.3 130 B 126.3 17.27 G1 8.6 NP, (NF11%)G
PSR B0011+47 H1 9 14 35 B 308.2 30.36 G1 4.4
PSR J0030+0451 L12H12 - 7.9 99 K 875.3 4.333 G2 4.7 MSP
PSR J0034-0534 - 5.5 17 491 K 630.7 13.765 G2 10.5 MSP; SgtHP
PSR J0051+0423 L12H12 - 3 - P - 13.9 G2 1.2 See Section 7.9.3.1.
PSR J0137+1654 - - 1.4 6.2B - 26.6 G3 12.0 (5.0)
PSR J0152+0948 - - 0.91 1.7B - 21.87 G3 9.8(4.2)
PSR J0329+1654 - - 0.6 2.3B - 42.1 G3 8.6
PSR B0301+19 H1 17 27 42B 29.7 15.737 G3 10.1(3.8) NP, (NF=10%)G
PSR B0656+14 - 3.8 6.5 11B - 13.977 G4 17.9 NP, (NF=12%)G
PSR B0820+02 H12 12 30 52H 153.3 23.727 G4 6.4 NP, (NF0.06%)G
PSR J0751+1807 - - 10 5.5 K 24.2 30.2489 G5 12.5 MSP
PSR B0751+32 H1 3.1 8 17B - 39.949 G5 4.73 NP, (NF=34%)G
PSR B0823+26 L12H123 62 73 520 B 514.4 19.454 G5 4.4 NP, (NF5%)G; Section 7.9.3.2
PSR J1012+5307 - - 30 34.5 K 20 9.02314 G6 3.7 MSP
PSR B1112+50 L12H12 3.8 5.3 50 B 104.2 9.195 G6/G8 10.4/10.9 NP, (NF=64%)G
PSR B0940+16 - 5 7 26 B - 20.32 G7 (6.5) NP, (NF=8%)G
PSR J0943+22 - - 5.5 6.3 B - 25.1 G7 (4.5)
PSR J1046+0304 - - - - - 25.3 G7 10.6(5.7) Selected from A
PSR J1022+1001 H12 - 20 40.7K 86.4 10.2521 G7 5.02(4.4) MSP
PSR J1142+0119 - - - - - 19.2 G9 7.8(1.33) MSP; Selected from A
PSR B1133+16 L2H12 144 257 940 B 741.1 4.8451 G9 13.8 NP, (NF=15%)G
PSR B1257+12 - - 20 80.9K 274.5 10.16550 G9 (3.75) MSP
PSR B1753+52 - 2 4.9 2.4 B - 35.35 G10 (10.2)
PSR B1839+56 L1H12 14 57.9 76 B 323.3 26.698 G10 8.24(3.0/13.7)
PSR B1953+50 H1 14 26 48 B 389.1 31.974 G10 19.0
PSR B1737+13 L2H123 14 24 81 B 52 48.673 G11 4.8 NP,(NF0.02%)G
PSR B1802+03 - - 5 - - 77 G11 7.1 Selected from A
PSR B2000+40 - 22.9 4.7 29 B 505.5 131.33 4 G12 5.3
PSR B2053+36 - 14.4 37.5 29 B - 97.314 G12 7.0(3.2) NP, (NF0.7%)G
PSR B2106+44 H2 19.4 37 103.3 H 433.3 139.827 G12 7.6(6.0)
PSR B2255+58 - 36 251.9 149.2 H 2.1 151.082 G13 7.9 SgtHP
PSR B2217+47 L12H123 36 42 820 B 452.4 43.519 G13 4.9 NP,(NF2%)G; SgtHP
PSR J2215+5135 - - 5 53 K - 69.2 G13 1.8 MSP; SgtHP
∗ = Band where pulsar was detected, with L1 = LBA1, L2 = LBA2, H12 = HBA1 &
HBA2, and so on.
∗∗ = Pulsar selected based on the 150 MHz ﬂuxed from previous LOFAR observations
referred here, unless otherwise speciﬁed.
∗∗∗ = Angular distance to the phase center of the Tile beam. Values in parenthesis represent
angular distances during HBA3 observations where the group was divided in two separate
observations given the small beam size.
∗∗∗ = NP = Nulling pulsar, NF = Nulling fraction, MSP = millisecond pulsar, SgtHP =
scatter at the low frequency end is greater than half pulse period.
A = ANTF catalogue
B = Bilous et al. [2016]
H = Hassal et. al. (priv. comm.)
P = Pilia et al. [2016]
G = Gajjar [2017]
K = Kondratiev et al. [2016]
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Table 7.7: Flux measurements for PSR 0051+0423.
Obs Frequency DM a SEFD S/N BW b Sm
Number Region [Jy] [MHz] [mJy]
L241903 LBA1 [20-50] 13.931 6590 7.6 30 78
L241905 LBA2 [50-90] 13.930 1992 17.6 39.6 30
L241897 HBA1 [110-150] 13.933 218 24.1 39.6 >6
L241899 HBA2 [150-190] 13.931c 309 5.1 36 2.4
aAllowed PREPFOLD to ﬁnd best DM ﬁt.
bAfter RFI excision.
cUsed ﬁxed value given the low SNR.
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7.9.3.2 PSR 0823+26
Figure 7.33 shows the PREPFOLD proﬁles for PSR 0823+26. It is clearly seen that the pulsar
changes from quiet (Q) to bright (B) mode after about thee quarters of the observation.
This pulsar is known to have this behaviour [Sobey et al., 2015]. The Q mode is about
100 times weaker than the bright mode, and undergoes nulling about 40 times more often.
This may explain why during Q mode the pulsar seems too faint to be detectable during
our observations.
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7.10 Appendix D: SurfSARA pipeline structure
For this project we have used the computing services provided by SurfSARA20. In this
appendix we brieﬂy describe the diﬀerence systems used.
Figure 7.34 shows the schematic of the pipeline seen from the perspective of the Surf-
SARA resources. This is complementary to the pipeline schematic shown in Figure 7.3.
Figure 7.34: Schematic showing the pipeline ﬂow on SURFsara systems.
The LOFAR Long Term Archive (LTA)21 is the storage service for all LOFAR obser-
vations. The data is downloaded, organized and saved for further processing at the GRID
storage. These is done by using the Grid22, a SURFsara service oﬀered to Dutch univer-
sities and institutes as part of Dutch National Grid Initiative (NGI_NL). The Grid is an
infrastructure of compute clusters and storage systems distributed in the Netherlands and
other countries. The clusters allows for storage of large amounts of data and are intercon-
nected by fast network provided by SURFnet. This system allows for easy distribution of
jobs.
20The home page for SURFsara is: https://userinfo.surfsara.nl/
21More information about the LTA can be found at https://lta.lofar.eu/
22More information can be found here: https://userinfo.surfsara.nl/systems/grid
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The data is then processed by the pipeline described in Figure 7.3, which takes the
raw voltages and channelizes the data at high resolution to be analysed by the Doppler
acceleration search algorithm, among other calibration routines (see Sections 7.3,7.4). The
results are saved in a ﬂat ﬁle in tabular format with all the hits for a given beam. These
are further process into a parquet ﬁles and store in the SURFsara Hathi Hadoop23 HDFS
cluster by a custom code denoted seticombine 24. The high resolution dynamic spectra is
also stored in this cluster. The Hadoop cluster contains more than a thousand CPU-cores
and 2PB of storage available. The multibeam analisys was setup to use the Hadoop cluster
via spark in a jupiter notebook.
The pipelines described here use CouchDB25 an online database system used to store
the logs resulting from the processing. Finally, calibration products and plots and stored in
the BeeHub26 system, a ﬁle storing sharing system with online access through the WebDAV
protocol.
23For more information see: https://userinfo.surfsara.nl/systems/hadoop
24This code can be found here: https://github.com/sara-nl/seticombine
25General information can be found here: http://couchdb.apache.org/
26This system has now been decommissioned, see https://userinfo.surfsara.nl/systems/beehub
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This thesis presents several searches for coherent radio emission from multiple (non)-
astrophysical origins and with diﬀerent signal morphologies. Given this diversity, multiple
telescopes and detection techniques were used for the detections of those signals. The vari-
ety of radio astronomy data analysed in this thesis ranges from astronomical radio images,
which give spatial information on a detected signal, to dynamic spectra of a single location
in the sky, which give the time and frequency properties of a coherent signal.
The thesis is subdivided in three parts, each parts covers a diﬀerent astrophysical source
of coherent radio emission. In the ﬁrst part, we present two search studies of stellar radio
emission from red and brown dwarfs. These searches are motivated for the understanding
of the stellar activity and thus the habitability of those systems. In the second part, we
concentrate the search for Fast Radio Bursts (FRB)s with the LOFAR telescope. This
work is motivated by the unknown astrophysical nature of the pulses, and the potential to
discover new exciting astrophysical processes. In the third part, we focus on the search for
putative artiﬁcial narrow band signals originated beyond the solar system. These searches
are motivated by some of the big questions in Astrobiology, namely to understand the
spread and future of life in the universe. In this particular case of intelligent life capable
of creating radio transmitters.
Part I, the search for stellar activity
In the ﬁrst part of this thesis we concentrate in the search for active stars in the radio
wavelengths. We have done this by searching existing radio sky surveys and follow-up
observations of possible active stars.
In Chapter §2 we analysed the TIFR GMRT Sky Survey (TGSS)27 for presence of stellar
radio emission. This survey covers about 90% of the sky at 150 MHz and has an angular
27TGSS-url: http://tgss.ncra.tifr.res.in/
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resolution of 25′′. These properties, as well as the integration time of only a few minutes
per pointing, make this survey optimal for stellar radio ﬂare searches.
We created a radio catalog of all sources in the images from the TGSS First Alternative
Data Release [TGSS ADR1; Intema et al., 2017] by identifying any source above a three
sigma detection. We cross-matched the locations of millions of radio sources to those of
thousands of known red and brown dwarfs. We found a group of 21 sources that have the
highest potential to be generated by the stars. Follow-up studies which include polarization
studies would give a more deﬁnite picture on the stellar activity of these stars. We encourage
targeted observations to follow-up these sources.
In Chapter §3 we report on the follow-up observations with the GBT of Ross 128, a red
dwarf at only 3.3 pc (10.9 light years) from the solar system. This star was previously found
to show peculiar radio emission at around 4.7 GHz by another group using the Arecibo
telescope, although the results were inconclusive.
We followed up with the GBT during parallel Arecibo observations. Our GBT obser-
vations did not show radio emission consistent with being stellar in origin. From further
analysis we identiﬁed some broad band radio emission with similar morphology to the one
previously claimed by another group. However, we note that this emission could be asso-
ciated with local RFI, in particular to artiﬁcial earth satellites orbiting in close proximity
to the direction of Ross 128.
Part II, the search for fast radio bursts
In this part of the thesis we focus on the search for fast transients at low radio frequencies.
We present the Fast Radio Transient Search (FRATS) project which uses the LOFAR
telescope. This is a commensal program designed to look for Fast Radio Burst (FRBs) and
other fast radio transients at frequencies below 250 MHz and sub-second timescales.
At the low frequencies that the telescope operates, LOFAR oﬀers a unique combina-
tion of sensitivity, high angular resolution, as well as technical ability and computational
capacity for parallel observing in a variate of modes. The telescope is also integrated with
Transient Buﬀer Boards (TBBs) on each antenna. This buﬀered data can be analysed
oﬄine to increase the capabilities of the telescope in terms of sensitivity and localization
of transients from the limitations of the original observations. These qualities are essential
for the FRATS project.
In Chapter §4 we provide a detailed description of the pipeline used in the oﬄine analysis
of TBB raw voltage data from individual LOFAR antennas. This gives great ﬂexibility and
allows for multiple post-processing analysis that allows for detection, validation and most
importantly the localization of fast transient signals.
We present a couple of examples which work as proof of concept for the FRATS project.
First, we show a triggered signal that was successfully identiﬁed as being caused by power
glitch on a single antenna. Then, we present a solar burst that was serendipitously detected
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and later identiﬁed and localized by our tools given the ability of TBB data to be re-pointed
in other directions.
Finally, we report on observations from pulsar PSR 0329+54 that after combining
TBB data from multiple LOFAR stations into a higher resolution image we improved its
localization in comparison with the original observation. This was possible after being able
to coherently beamform in the direction of the pulsar. We also show the detailed analysis
of pulses from this target, which include a derived rotation measure (RM) that agrees with
literature values. This is a clear example of the capabilities of TBB LOFAR data, and it
is a good proof of concept for the localization of FRBs.
In Chapter §5 we present the results of the FRATS project from the ﬁrst pilot ob-
servations. These were done commensally during telescope time allocated to other science
programs. These observations show that we can successfully observe in a symbiotic manner
increasing signiﬁcantly the amount of observing time available to our project. During these
observations, we use a real-time search tool on an incoherent LOFAR beam (11.25 deg2
at 150 MHz). The ﬁrst pilot survey searched for fast transients with Dispersion Measures
(DM) up to 120 pc cm−3 between 119-151 MHz. We increased the DM range searched up
to 500 pc cm−3 on the second pilot survey. No fast transients were detected in either pilot
survey with an upper limit to the ﬂuency of a 8-ms pulse of 1.6 kJy ms and 6.0 kJy ms
respectively. Despite the non detections of FRBs, several pulsars were detected including
PSR B2111+46 with a DM of 141.26 pc cm−3, validating the competency of the system.
We also derived sky rate upper limits of 1500 events per sky per day and 1400 events
per sky per day for the ﬁrst and second pilot surveys respectively. We also derived a
limit of 134 events per Gpc3 per day for the second pilot survey. In chapter §5 we show
other sky limit values for other ﬂuence and pulse width conﬁgurations. These limits from
our pilot observations do not put a strong constrain on the abundance or likelihood of
these bursts at low frequencies. However, we discuss the observing time necessary for
a detection given some assumptions from results at higher frequencies. We also discuss
possible modiﬁcations to the FRATS program including the use of a Fly’s Eye mode which
maximizes sky coverage, we point out that in as little of 10 days of observing time it would
be possible to detect an FRB with this method. We also discuss the possibility of using
external triggers from telescopes like Eﬀelsberg, this latest work has already been started
[Houben et al., 2019].
Part III, the search for radio technosignatures
In the previous two parts of the thesis we have looked into coherent radio emission in
the time domain from natural astrophysical sources. In the last part of this thesis we
concentrate on the search for technosignatures in the radio spectrum. In particular, we
search for very narrow band signals of interstellar origin which would suggest an artiﬁcial
origin and thus infer the existence of intelligence elsewhere in the universe.
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In Chapter §6 we present the results from a search of artiﬁcially narrow band signals of
interstellar origin. This search includes observations of 692 nearby stars using the L band
receiver (1.1-1.9 GHz) at the GBT, a single dish telescope of 100 meters in diameter. The
data is channelized to a very high frequency resolution of three Hz. We search the data
for signals drifting in frequency with a drift rate range of ±2 Hz s−1. We use a signal-to-
noise ratio (SNR) threshold of 25 for selection of the signals (or hits). From the millions
of signals found, only a handful of events passed our automated analysis. This analysis
compares signals from multiple directions in the sky, to investigate the likelihood that the
signal of interest comes from the direction of the target of interest.
The main events were found to be false positives either by having a signal in the Oﬀ
observations which were missed by our algorithms or found to be common signals among
multiple directions and possibly related to GPS satellites (L3/L4 frequency bands). Our
non-detections put an upper limit on the power of hypothetical uninterrupted signals at
less than 1013 W. This amount of power is comparable to what our own technology is able
to produce. Given the number of stars in our sample, our upper limits suggest that less
than 0.14% of the stars within 50 pc have radio transmitters that would be detectable
by the type of search performed in this project. We compared our results with previous
searches, and we conclude by using several ﬁgures of merit that our results comprise the
most stringent search in the radio of nearby stars at the time of publication.
In Chapter §7 we study the search for radio technosignatures at low frequencies using
a novel mutibeam analysis approach. This is the ﬁrst study to search for extraterrestrial
narrow band signals at low frequencies ever conducted. We used the LOFAR telescope
at all the available frequencies (10-250 MHz) to observe all the nearby stars within 5 pc
which are visible in the Northern Hemisphere. Each star was observed for 12 minutes,
and searched for drifting signals with an SNR threshold of 10 and a drift rate range of
±10 Hz s−1. The drift rate of a signal is caused by the relative acceleration between the
transmitter and the receiver. The relative acceleration at a given instant is due to multiple
rotational and orbital motions. For a given acceleration, the drift rate experienced on a
signal is inversely proportional to the frequency. At the low frequencies of LOFAR, the
drift rate range used in this work probed very large accelerations (150 ms−2, or 15.3 g0)
that corresponds to ±700 Hz s−1 at 1.4 GHz. This is the largest range ever probed by a
radio SETI experiment to this date by about an order of magnitude.
An array telescope like LOFAR allows for simultaneous observations of multiple loca-
tions in the sky. We show that this is a powerful technique to identify local RFI. Using
this technique we were able associate all the signals found with their anthropogenic origin
and thus discard them as extraterrestrial signals. Given the LOFAR sensitivity we placed
an upper limit on continuous narrow band signals from the direction of the target set at
an EIRP of 1.6 × 1011 W, which is possible within our own technological limits.
The above two projects have expanded the limits of the parameter space probed in
the search for technosignatures. Nevertheless, the likelihood of ﬁnding such a signal is
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very much unconstrained. Only by improving the search algorithms and techniques, and
by increasing the size and breadth of astronomical surveys, we can put an increasingly
stronger constraint on the existence of technosignatures in our galaxy and beyond.
231
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 242
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 243
Samenvatting
Introductie
Sinds de ontdekking van de eerste astronomische radiobron (Melkweg) door Karl Jansky
in de jaren 1930, is radioastronomie een krachtige methode geworden om de kosmos waar
te nemen. Twee kenmerken van radiogolven – hun lange golﬂengten waardoor ze het inter-
stellaire stof en gas kunnen doorkruisen zonder te worden beïnvloed, en emissieprocessen
die eigen zijn aan het radiodeel van het elektromagnetisch spectrum – maken de studie
mogelijk van vele astrofysische fenomenen die anders niet waarneembaar zouden zijn.
Een belangrijk subveld van radioastronomie is de studie van voorbijgaande gebeurtenis-
sen. Radiotransiënten verwijzen naar bronnen van radio-emissie met een tijdelijke toename
in ﬂux, ze komen op verschillende tijdschalen van milliseconden tot dagen of langer. De
korte tijdschalen die deze bronnen vertonen, worden bereikt door niet-thermische emis-
sieprocessen. De hoofdingrediënten voor deze emissieprocessen zijn geïoniseerde deeltjes
en magnetische velden, en afhankelijk van hun eigenschappen kan de resulterende emissie
coherent of incoherent zijn. Omdat incoherente emissie zelf-geabsorbeerd is, zijn de tijds-
schema’s die aan deze emissie verbonden zijn meestal langer dan coherente emissie. Ook
is de helderheidstemperatuur voor incoherente emissie beperkt tot maximaal 1012 K. Dit
is niet het geval voor coherente emissie die hogere helderheidstemperaturen in het archief
kan hebben.
De wisselwerking tussen geïoniseerde deeltjes, die verschillende energieën en dichtheden
kunnen hebben, en magnetische velden, die verschillende sterktes, variabiliteit en conﬁ-
guratie kunnen hebben, maakt een verscheidenheid aan coherente radiostralingsprocessen
mogelijk. De eigenschappen van deze radiostraling biedt astronomen de kans om de aard
van deze interacties, evenals de magnetische veldkenmerken, te analyseren.
De studie van magnetische velden is om vele redenen belangrijk voor astronomen. We
kunnen observeren en vervolgens analyseren hoe magnetische velden tot stand komen; hoe
ze evolueren; en hoe magnetische velden en het omgevende medium op elkaar inwerken. Ze
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werpen licht op de creatie en evolutie van de astrofysische bronnen die de magnetische vel-
den genereren. In veel gevallen kunnen magnetische velden alleen worden bestudeerd door
radiostraling die veroorzaakt is door deeltjes die langs de magnetische veldlijnen bewegen.
Binnen ons zonnestelsel zijn de zon (bijvoorbeeld zonnevlammen) en planeten (bijvoor-
beeld planetaire aurora) de meest voorkomende bronnen van radiostraling. Deze soorten
emissie zijn ook gevonden in nabijgelegen sterren en bruine dwergen. Op relatief korte
astronomische afstanden (d.w.z. minder dan enkele tientallen parsecs28), kan radiostraling
worden gebruikt om de interacties tussen sterren en hun planeten te bestuderen. Er is
gepostuleerd dat magnetische velden een vereiste zijn voor de bewoonbaarheid van exop-
laneten, zoals het geval is voor de aarde [bijv. Tarduno et al., 2015]; magnetische velden
beschermen de atmosfeer en biosfeer tegen kosmische straling. Een toekomstige detectie
van radiostraling van exoplaneten zou een venster openen op de magnetische veldkenmerken
van exoplaneten en dus op hun bewoonbaarheid. Bovendien toont de studie van stellaire
activiteit in het radiospectrum aan hoe vaak sterren opvlammen en is het dus een belangrijk
aspect om de bewoonbaarheid van omliggende planeten te meten.
Op grotere afstanden (d.w.z. honderden parsecs of meer), kan de studie van radiostra-
ling astronomen helpen sommige van de meest extreme fysieke omgevingen in het universum
te begrijpen. De meest bestudeerde radio-transiënten zijn astrofysische objecten die kort-
durende pulsen met een tijdschaal van een milliseconde uitstoten. Op Galactische afstands-
schalen (duizenden parsecs) kunnen snel roterende neutronensterren die bekend staan als
pulsars, zeer sterke magnetische velden herbergen en kunnen worden gedetecteerd door hun
periodieke radio uitbarstingen. Op extragalactische afstandsschalen (mega-parsecs) zijn de
raadselachtige snelle radio-uitbarstingen (FRB’s) lichtgevende radio-evenementen en vindt
het merendeel slechts één keer voorkomen. Van hun zeer grote helderheidstemperaturen
( 1012 K) weten astronomen dat de radiostralingmechanismen coherent zijn, maar het
mechanisme van hoe de emissie daadwerkelijk wordt gecreëerd, wordt nog niet begrepen.
Het is gebruikelijk om de radiofrequentie-interferentie (RFI) uit radioastronomische
gegevens te verwijderen, maar het kan zijn dat een van die kunstmatige signalen niet door
de mens is gemaakt.
Terwijl de radioastronomie evolueerde tot een volwassen veld binnen de astronomie,
heeft tegelijkertijd onze technologie de voordelen van radiogolven gebruikt om op onze
eigen planeet over grote afstanden te communiceren, en zelfs naar ruimtevaartuigen overal
in het zonnestelsel. Als we dit extrapoleren, zou je je kunnen voorstellen dat buitenaardse
beschavingen, als ze bestaan, gebruik zouden kunnen maken van radiosignalen om door de
Melkweg te communiceren. De wetenschappelijke studie van het universum zou onvolledig
zijn als het geen studie van het leven omvatte, en in het bijzonder van intelligent leven.
Gezien onze aanwezigheid in dit universum, is het verstandig om onze eigen technologie te
beschouwen als een andere bron van coherente radiostraling. De vraag is dan: Is dit type
28Een parsec is een eenheid van afstand die gelijk is aan 3,26 lichtjaren.
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emissie uniek voor de aarde?
Hoe meer kortstondige radiobronnen we kunnen onderzoeken, hoe meer we kunnen
begrijpen over de verschillende emissiemechanismen. In dit proefschrift behandel ik ver-
schillende zoektochten en -technieken voor nieuwe of bestaande bronnen van verschillende
soorten coherente emissie.
Van planeten tot kleine sterren
De astrofysische eigenschappen die sterren en planeten onderscheiden, hebben geen scherpe
grens. In plaats daarvan is er een verloop van de eigenschappen die onder meer afhangen
van de massa van het object. Objecten op de kruising tussen sterren en planeten noemen we
bruine dwergen. De algemene kenmerken van deze drie soorten astrofysische objecten, en
hun overeenkomsten en verschillen, worden hieronder beschreven. Deze samenvatting helpt
op haar beurt ons algemene begrip van de magnetische veldeigenschappen, die beschreven
worden in de volgende sectie, te verduidelijken.
Sterren zijn objecten die in hydrostatisch evenwicht worden gehouden door de combi-
natie van hun eigen zwaartekracht en gasdruk. De zwaartekracht creëert een hoge druk in
de kern van de sterren, waardoor de fusie van atomen plaatsvindt. De energie die vrijkomt
door fusie resulteert in de hoge temperaturen (106 − 107 K) die verantwoordelijk zijn voor
de gasdruk. Deze energie wordt naar buiten getransporteerd vanuit de centrale kern van
de ster. De interne structuur van een ster hangt af van de methode van energietransport,
die op zijn beurt afhangt van de temperatuurgradiënt. Als de gradiënt steil is, is het ener-
gietransport convectief, anders vindt het transport via straling plaats. Afhankelijk van de
massa van de ster, kan deze lagen hebben waar het ene of het andere energietransport actief
is. Het is bekend dat sterren met een lage massa (< 0.35 M)29 volledig convectief zijn.
Ook staan ze bekend als rode dwergen.
De massa van een ster bepaalt de hoeveelheid druk die mogelijk is in de kern van de
ster en dus het type fusieproces(sen). De meeste sterren smelten waterstof om tot helium
gedurende het grootste deel van hun leven. Een normale ster met een massa van meer dan
∼ 0.08 M is zwaar genoeg om waterstof te fuseren in zijn kern [Kumar, 1963; Auddy
et al., 2016]. Onder deze grens verbranden sterren enige tijd deuterium (of lithium), mits
ze massiever zijn dan ongeveer 13 keer de massa van Jupiter [Saumon et al., 1996]. Deze
objecten worden bruine dwergen genoemd. Fusie in de meeste bruine dwergen duurt niet
lang (tientallen tot honderden miljoenen jaren) in vergelijking met de tijdsschalen van lage-
massa sterren die een fusie van waterstof voorstellen die miljarden jaren kan aanhouden. De
energie van bruine dwergen wordt voornamelijk geleverd door hun samentrekking tijdens
hun levensduur. Beide massagrenzen die bruine dwergen deﬁniëren, zijn niet erg nauwkeurig
en hangen af van andere eigenschappen van de objecten, zoals hun chemische samenstelling,
29Een zonnemassa, M, is een eenheid die overeenkomt met de massa van de zon (1.988 × 1030 kg) of
330.000 keer de massa van de aarde.
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ook wel metaalgehalte genoemd. Objecten die minder massief zijn dan bruine dwergen
staan bekend als gasreuzen zoals Jupiter en Neptunus.
Bruine dwergen hebben eigenschappen die overeenkomen met zowel planeten als sterren.
Hun binnensten zijn convectief zoals bij sterren [Marley & Robinson, 2015], in tegenstelling
tot planeten die daardoor lagen hebben met verschillende chemische composities. Bruine
dwergen zijn ongeveer zo groot als Jupiter, onafhankelijk van hun massa. Dit is in tegenstel-
ling tot sterren, wier afmetingen direct gerelateerd zijn aan hun massa. Daarnaast hebben
bruine dwergen en gasrijke planeten relatief koele atmosferen die hun temperaturen regelen
en een plek bieden waar complexe moleculen zich kunnen vormen, in tegenstelling tot ster-
ren, die geïoniseerde atmosferen hebben met hete coronas [Marley & Robinson, 2015]. De
atmosfeer van bruine dwergen wordt gekenmerkt door wolkenlagen en regenachtige chemie
[Marley & Robinson, 2015]. Gasreuzen en bruine dwergen zijn qua samenstelling vergelijk-
baar met sterren: beide zijn voornamelijk gemaakt van waterstof en helium.
Ondanks hun naam30, zouden bruine dwergen voor de ogen van de mens magenta of
oranje lijken. Ze zijn het meest lichtgevend op infrarode golﬂengten, hoewel veel zwakker
dan sterren. Sinds de ontdekking van de eerste bruine dwerg in 1995 [Rebolo et al., 1995;
Nakajima et al., 1995; Oppenheimer et al., 1995], heeft de snelle expansie van dit veld
gedurende de laatste decennia geleid tot de ontdekking van meer dan een paar duizend
bruine dwergen dankzij moderne onderzoeken zoals het DENIS hemelonderzoek [Delfosse
et al., 1998], 2MASS [Skrutskie et al., 2006], SDSS [West et al., 2008] en WISE [Kirkpatrick
et al., 2011].
Ja maar, hoe zit het met magnetische velden?
Roterende astronomische lichamen en hun magnetische
velden
Om de opwekking van magnetische velden in sterren en planeten te verklaren, gebruiken
we in het algemeen modellen die werken als een dynamo. Dit model relateert de rotatie- en
convectie-eigenschappen van een astronomisch lichaam met de elektrisch geleidende eigen-
schappen van een vloeistof in haar binnenste. De basis van de dynamo-theorie is gebaseerd
op de magnetische inductievergelijking gekoppeld aan de snelheidsveldvergelijkingen van
de vloeistof [Hathaway & Dessler, 1986]. Een belangrijk proces dat wordt aangepakt door
de dynamo-theorie is veldomkering, dat wil zeggen, wanneer de magnetische polen uit het
noorden en het zuiden geometrische posities uitwisselen.
Planeten
30Al vóór de eerste ontdekking werd de term bruine dwerg in 1975 voor het eerst gesuggereerd door Jill
Tarter, die toevallig vooral bekend is om haar werk op het gebied van SETI (hoofdstukken §6, §7)
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In het geval van de aarde wordt het magnetische veld geproduceerd door vloeibaar ijzer
in de convectieve kern [Glatzmaier & Roberts, 1995; Buﬀett, 2009; Sakuraba & Roberts,
2009]. De geschiedenis van omkeringen van het aardmagnetisch veld is goed gemeten. Het
vertoont geen periodiciteit en heeft een willekeurige verdeling van korte (van honderden
jaren) tot lange perioden (van miljoenen jaren) [Cox, 1973]. Er is ook ontdekt dat het
aardmagneetveld zich al heel vroeg heeft gevormd en dus een cruciale rol speelt als be-
schermlaag voor straling van buitenaf en bijdraagt aan de bewoonbaarheid van de aarde
[Tarduno et al., 2015].
Voor gigantische gasplaneten zoals Jupiter, creëren convectieve bewegingen van vloei-
baar metallisch waterstof in de buitenkern van de planeet magnetische velden [Russell,
1993]. Men heeft getheoretiseerd dat poolomkeringen quasi-periodiek zouden kunnen zijn
met tijdspannes van honderden tot tienduizenden jaren [Hathaway & Dessler, 1986; Jo-
nes, 2014]. Magnetische velden van planeten in ons zonnestelsel zijn grootschalig (dat wil
zeggen groter dan de planeetomvang), langlevend en meestal asymmetrisch dipolair31. De
geïoniseerde deeltjes die verplicht langs de lijnen van het magnetisch veld moeten lopen,
interageren met de atmosfeer van de planeet, waardoor noorderlicht kan ontstaan [Zarka,
1992, 2007]. Geïoniseerde deeltjes creëren ook radiostraling via de cyclotron-maser-emissie,
een fenomeen dat rechtstreeks verband houdt met de lokale magnetische veldsterkte [Zarka,
1998]. Jupiter heeft de hoogste magnetische veldsterkte, ongeveer 10 G32, van alle planeten
in ons het zonnestelsel.
Sterren
In sterren worden de magnetische velden gecreëerd in stromen van geleidend plasma in
hun convectieve zone. De diﬀerentiële rotatie in het convectieve gebied van een ster zorgt
ervoor dat de magnetische veldlijnen in een toroïdaal veld terechtkomen. Op relatief kleine
schaal worden de magnetische veldlijnen gedraaid in een spiraalvormige structuur, bekend
als de α − Ω dynamo [Parker, 1955, 1970]. De spanning op de magnetische veldlijnen kan
een punt bereiken waarbij een magnetische herverbinding plaatsvindt aan het oppervlak
van de ster, waardoor zonnevlammen en coronale massa-ejecties (CME’s) worden geprodu-
ceerd. Het is bekend dat er op de zon meerdere morfologieën van radiostraling optreden
die verband houden met de magnetische activiteit.
Voor de zon is het omkeerproces periodiek en komt het op veel kortere tijdschalen
voor dan bij planeten in ons zonnestelsel (zoals hierboven besproken). Elke elf jaar vindt
er een magnetische veldomkering plaats in de zon. Deze periodiciteit is gedurende de
afgelopen paar honderd jaar indirect gemeten door middel van zonnevlektelling. Het aantal
zonnevlekken correleert met de magnetische activiteit ervan en er treden veldomkeringen
31Alhoewel recente resultaten van de Juno-missie wijzen op een complexere magnetische veldmorfologie
voor Jupiter [M. Moore et al., 2018].
32Een Gauss, G, is de maat voor de magnetische veldsterkte.
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op bij de maxima van de zonnecyclus [Hale et al., 1919; Hathaway, 2010].
Het α−Ω -dynamomodel verklaart de opwekking van magnetische velden in gedeeltelijk
convectieve sterren [Browning et al., 2006]. Alhoewel, sterren met een lage massa volledig
convectief zijn, kunnen ze zelfs magnetisch actiever zijn en sterker magnetische velden heb-
ben dan hun massieve tegenhangers [bijv. Morin et al., 2008]. Dit suggereert dat er een
ander dynamo-mechanisme aan het werk is. Er zijn meerdere theorieën voorgesteld om de
vorming van magnetische velden in sterren met lage massa [Chabrier & Küker, 2006] te
verklaren. Niettemin is het mechanisme voor het genereren van het magnetische veld niet
goed begrepe [Pineda, 2017].
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Bruine dwergen
De magnetische velden van bruine dwergen worden minder goed begrepen. Interessant
is dat hun rotatie-evolutie en -distributie verschilt van sterren. Omdat bruine dwergen
gedurende hun leven een samentrekking ondergaan, neemt hun rotatiesnelheid toe door het
behoud van impulsmoment [Zapatero Osorio et al., 2006] – zoals een schaatser wanneer
hij een pirouette geeft en zijn armen samentrekt. Hun magnetische velden hebben meer
overeenkomsten met een planetaire dynamo, alhoewel de magnetische velden veel sterker
zijn (kiloGauss) zoals aangetoond door radiostralingdetecties [Hallinan et al., 2006]. Deze
emissie wordt vooral gezien in snelle rotators met een omlooptijd van een paar uur [Halli-
nan et al., 2006]. Er is aangetoond dat de radiostraling gerelateerd is aan aurora processen
[Hallinan et al., 2015; Pineda et al., 2017], vergelijkbaar met planetaire radiostraling [Zarka,
1998].
Magnetars
Het meest extreme geval van een snel roterend lichaam met extreem sterke magnetische
velden wordt een magnetar genoemd. Dergelijke objecten zijn jonge neutronensterren die
vele malen per seconde ronddraaien, met een magnetisch veld van 1014 − 1015 G [Kaspi &
Beloborodov, 2017]. Magnetars zorgen voor een heldere emissie in röntgenstralen en gam-
mastraling. Neutronensterren zijn zeer compacte objecten, overblijfselen van supernova-
explosies aan het einde van de levensduur van massieve sterren [Baade & Zwicky, 1934].
Ze zijn ongeveer 20 km in diameter, en maximaal twee of drie keer de massa van de zon.
Radiostraling uit deze bronnen wordt niet goed begrepen, maar men denkt dat het kan
worden veroorzaakt door hoog energetische deeltjes die langs de magnetische veldlijnen
reizen, een proces dat bekend staat als coherente krommingsemissie [Luo & Melrose, 1992].
Deze gebundelde emissie kan, in combinatie met de rotatieperiode van de neutronenster,
milliseconde pulsen veroorzaken die een groot gebied van frequenties overspannen – ver-
schijnselen bekend als pulsars33 [Gold, 1968]. Sommige theorieën suggereren dat magnetars
ook verantwoordelijk zijn voor de creatie van FRB’s [bijv. Kulkarni et al., 2014].
Snelle radio-uitbarstingen - Fast Radio Bursts (FRB)
Het nieuwste type astrofysische verschijnselen in het radiospectrum werd iets meer dan een
decennium geleden ontdekt. Snelle radio-uitbarstingen (Fast Radio Bursts, FRB’s) zijn
mysterieuze radiosignalen die slechts enkele milliseconden duren. De meeste van hen lijken
slechts eenmalig te verschijnen. Er zijn twee bronnen bekend die meerdere uitbarstingen
33De eerste waargenomen pulsars werden aangeduid met de term LGM, voor “Little Green Man” (Kleine
Groene Man: http://www.bigear.org/vol1no1/burnell.htm).
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lijken te hebben, die “repeaters” (herhalers) worden genoemd, dit zijn FRB121102 (of
R1) en FRB180814 (of R2). De eerste gevonden FRB (FRB010724) werd aangetroﬀen in
archiefgegevens van de Parkes-telescoop op 1,4 GHz [Lorimer et al., 2007]. Deze stond toen
bekend als de “Lorimer Burst” (zie Figuur 1).
Figuur 1: De Lorimer Burst. Het signaal verschuift zich over de frequenties (ofwel disper-
sie) door de interactie met het interstellaire medium (ISM) en het intergalac-
tische medium (IGM) tussen de bron en ons. In de Figuur, wordt het signaal
afgebakend door de twee witte lijnen die ter referentie zijn geplaatst. Als de
spreiding wordt gecorrigeerd, kan het signaal worden verbeterd door over de
frequenties te sommeren zoals in de ingezette graﬁek wordt getoond. Ook ge-
toond in deze Figuur is een andere vorm van coherente emissie, in dit geval
beperkt tot een smal frequentiebereik rond 1,35 GHz. Deze radiostraling is
door de mens gemaakt en staat bekend als radiofrequentie-interferentie (RFI).
Figuur overgenomen van Lorimer et al. [2007] (ﬁguur 2).
Deze uitbarsting werd geïdentiﬁceerd als extragalactisch vanwege de grote verspreiding.
De hoeveelheid dispersie is gerelateerd aan de hoeveelheid vrije elektronen tussen ons en
de bron.
Na de eerste FRB duurde het enkele jaren voordat meer FRB’s werden gevonden in
archiefgegevens van pulsaronderzoeken. Pas nadat Keane et al. [2012] een tweede FRB
werd ontdekt en Thornton et al. [2013] nog eens vier extra FRB’s presenteerde en schatte
dat zulke gebeurtenissen zo’n 104 per hemel per dag plaatsvinden, begon de gemeenschap
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meer aandacht te schenken aan dit nieuwe type astrofysische bronnen. Sindsdien zijn er
vele ontdekt. Het eerste decennium werd geleid door de ontdekkingen met de Parkes-
telescoop. Van de eerste 25 ontdekte FRB’s is slechts een aantal niet gevonden met deze
telescoop. Die periode werd ook gekenmerkt door het grote aantal verschillende theorieën
die dit fenomeen trachtten te verklaren, variërend van meerdere emissiemechanismen zoals
opvlammende sterren [Loeb et al., 2014], gebundelde straling veroorzaakt door hemelli-
chamen die rondom pulsars draaien [Mottez & Zarka, 2014], gigantische uitbarstingen van
extragalactische magnetars [Kulkarni et al., 2014], of zelfs als bewijs voor buitenaardse
intelligentie [Lingam & Loeb, 2017]; tot meer catastrofale gebeurtenissen zoals onder an-
dere verdampende zwarte gaten Rees [1977], supernova’s met neutronsterren metgezellen
[Egorov & Postnov, 2009], instortende supramassieve neutronensterren [Falcke & Rezzolla,
2014], witte dwerg- [Kashiyama et al., 2013] of neutronensterfusie [Totani, 2013]. Tot op
heden is het nog steeds niet duidelijk wat het astrofysische proces is dat verantwoordelijk
is voor deze krachtige en mysterieuze fenomenen.
Er is een bron die zich onderscheidt heeft van de rest, nl. FRB121102. Dit was de
eerste FRB die ontdekt is met de Arecibo-telescoop [Spitler et al., 2014], en de eerste bron
die herhaaldelijk een FRB uitzendt [Spitler et al., 2016]. Dit moedigde vervolgonderzoek
aan met telescopen met een beter resolutie en maakte de lokalisatie van het omringende
sterrenstelsel [Marcote et al., 2017] mogelijk. Het heeft ook de detectie op de hoogste
radiofrequenties van elke FRB mogelijk gemaakt, evenals de grootste burstdichtheid 34 in
een gegeven tijdsperiode [Gajjar et al., 2018]. Met behulp van de gedetailleerde studies van
de bursts is het emissiemechanisme verder bestudeerd, zodat we nu denken dat FRB121102
mogelijk een magnetar is die omgeven wordt door een dichte nevel nabij een massief zwart
gat [Michilli et al., 2018; Hessels et al., 2018].
Toch is het nog steeds mogelijk dat de repeater tot een andere populatie van bronnen
behoort [Palaniswamy et al., 2018] of niet [Bagchi, 2017; Cordes et al., 2017]. De recente
ontdekking van een tweede repeater (FRB180814) kan mogelijk helpen om deze vraag te
beantwoorden [CHIME/FRB Collaboration et al., 2019].
De laatste paar jaar is het vakgebied van FRB-waarnemingen sterk veranderd, dank-
zij nieuwe telescopen. De Molonglo Observatory Synthesis Telescope (MOST) detecteerde
drie FRB’s tijdens de inbedrijfstelling van het systeem [Caleb et al., 2017]. De Australian
Square Kilometer Array Pathﬁnder (of- wel ASKAP) ontdekte 20 nieuwe FRB’s in ongeveer
een jaar tijd [Shannon et al., 2018] en suggereert de mogelijkheid van een verband tussen
dispersie en helderheid. Recentelijk heeft het Canadian Hydrogen Intensity Mapping Ex-
periment (CHIME) 13 FRB’s gedetecteerd, waarbij de laagst waargenomen frequentie van
een FRB naar 400 MHz werd geduwd [CHIME/FRB Collaboration et al., 2019].
Sommige van deze FRB’s laten een lage verstrooiing (pulsverbreding) zien, wat sugge-
reert dat detectie op nog lagere frequenties mogelijk is. Dit maakt telescopen zoals LOFAR
34Aanvullende pulsen werden gevonden in dezelfde dataset door detectievooruitgangen met behulp van
machine learning [Zhang et al., 2018]
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aantrekkelijker voor FRB-zoekopdrachten en dus bemoedigend voor de follow-up van het
werk gepresenteerd in hoofdstukken §4 en §5.
Dit veld beweegt zich de laatste jaren in een zeer snel tempo. Het zou niet verrassend
zijn als er nog meer ontdekkingen zouden gebeuren tegen de tijd dat dit proefschrift wordt
gedrukt.
Het Zoeken naar Technosignaturen
De zoektocht naar buitenaardse intelligentie (Search for Extraterrestrial Intelligence, SETI)
is een multidisciplinair wetenschapsgebied gericht op het systematisch zoeken naar kunst-
matig gecreëerde “tekenen” die mogelijk het bestaan suggereren van intelligent leven buiten
de aarde, in het verleden of heden. Deze tekenen worden meestal aangeduid als techno-
signaturen. Er is betoogd dat het zoeken naar technosignaturen een betere benaming is
voor het vakgebied, omdat de zoektochten zich richten op het vinden van technologische
tekenen en deze tekenen gebruiken als een indicator voor intelligentie. De term technosig-
natuur is ook geklassiﬁceerd als een subset van biosignaturen, wat een meer algemene term
is die elk teken van niet-aards leven omvat (bijvoorbeeld de aanwezigheid van biosferen
door metingen van exoplanet-atmosferen).
De meeste zoektochten naar signalen waarvan vermeend wordt dat ze, al dan niet op-
zettelijk in onze richting, zouden zijn uitgezonden, hebben plaatsgevonden in het elektro-
magnetische spectrum, en dan voornamelijk in de radiofrequenties. Hiervoor is een grote
verscheidenheid aan radiotelescopen gebruikt [Drake, 1961a; Verschuur, 1973; Tarter et al.,
1980; Bowyer et al., 1983; Horowitz et al., 1986; Steﬀes & Deboer, 1994; Bowyer et al.,
1995; Mauersberger et al., 1996; Backus, 1998; Werthimer et al., 2000; Tarter, 2001; Harp
et al., 2016a; Tingay et al., 2016; Enriquez et al., 2017; Gray & Mooley, 2017a, en andere].
Naast de radiofrequenties, wordt, in iets mindere mate, ook gezocht in optische golﬂeng-
tes door spectrometers met hoge resolutie [Reines & Marcy, 2002; Tellis & Marcy, 2017]
en snelle fotometers [Horowitz et al., 2001; Howard et al., 2007]. Deze instrumenten zijn
geïnstalleerd in optische telescopen om te zoeken naar lasers [Schwartz & Townes, 1961].
Recente pogingen hebben deze optische zoektochten uitgebreid naar het infrarood gedeelte
van het spectrum [Wright et al., 2014].
Een andere zoekmethode die zoekt naar signaturen van technologie op grote schalen die
detecteerbaar zijn op astronomische afstanden, wordt soms aangeduid als Artifact SETI
[Wright et al., 2014]. Er zijn veel ideeën voor zulke signaturen voorgesteld, zoals bijvoor-
beeld een ring van satellieten in een baan rond een planeet in de zogenaamde Clarke exobelt,
die detecteerbaar zou kunnen zijn in de lichtkromme van sterren met transiterende exop-
laneten [Socas-Navarro, 2018], of het gebruik van krachtige lasers tijdens de transit van
een exoplaneet om de aanwezigheid van een beschaving [Kipping & Teachey, 2016] kenbaar
te maken. Waarschijnlijk is het meest bekende idee gerelateerd aan objecten die bekend
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staan als Dyson-sferen [Dyson, 1960]. Dat zijn hypothetische structuren die een ster geheel
of gedeeltelijk kunnen bedekken en o.a. het opgevangen licht als energiebron kunnen ge-
bruiken. Een van de meest beroemde en recente kandidaten voor het eventueel herbergen
van een dergelijke structuur is Boyajians Star (ook bekend als Tabby’s Star) die ongewone
lichtﬂuctuaties heeft getoond [Boyajian et al., 2016]. Recentelijk werd deze theorie minder
aannemelijk bevonden nadat een golﬂengte-afhankelijk dimmen werd ontdekt in overeen-
stemming met de aanwezigheid van stof in het omringende medium van de ster [Boyajian
et al., 2018].
De Fermi Paradox en de Drake-vergelijking
De vraag of we alleen in het universum zijn, houdt de mensheid waarschijnlijk al zo lang
bezig als de vraag over onze eigen oorsprong. In moderne tijden, toen we eenmaal de
afstanden en tijdschalen van onze eigen Melkweg en het universum beseften, werd gesug-
gereerd dat als een geavanceerde beschaving miljoenen jaren zou kunnen bestaan, dat ze
dan genoeg tijd zouden hebben gehad om zich door ons hele Melkwegstelsel te verspreiden.
Er zijn echter nog geen signalen waargenomen van een dergelijk bestaan van een geavan-
ceerde beschaving. Dit probleem is in de jaren vijftig samengevat met de vraag “Where
is everybody?” (“Waar is iedereen?”) Door Enrico Fermi en staat bekend als de Fermi
Paradox.
Er zijn meerdere verklaringen voorgesteld om deze paradox uit te leggen, die in twee
kampen kunnen worden verdeeld. Een daarvan is dat het leven in het universum zeldzaam
is en dat we best de enige beschaving in de Melkweg kunnen zijn. De andere is dat er
misschien meer beschavingen zijn maar om een of andere reden hebben we hun aanwezigheid
niet ontdekt, ofwel omdat ze niet ontdekt willen worden of omdat we ze nog niet hebben
kunnen detecteren vanwege logistieke, technologische of sociologische redenen.
In de moderne tijd zijn kaders ontwikkeld om af te schatten in welke mate buitenaardse
beschavingen zouden kunnen voorkomen in de Melkweg. De Drake-vergelijking is het meest
bekende probabilistische argument dat is gecreëerd om de belangrijkste factoren in kwestie
samen te vatten vanuit een astrobiologisch perspectief.
De Drake-vergelijking stelt dat:
N = R∗ × fp × ne × fl × fi × fc × L (1)
waar N staat voor het aantal technologisch ontwikkelde beschavingen in onze Melkweg;
R∗ is de gemiddelde snelheid van stervorming in onze Melkweg;
fp is de fractie van sterren die planeten kunnen hebben;
ne is het gemiddelde aantal planeten per ster die potentieel leven kunnen huisvesten;
fl is de fractie van die potentiele planeten waarop zich daadwerkelijk leven ontwikkelt;
fi is de fractie van die bewoonde planeten waarop zich intelligent leven ontwikkelt
fc is de fractie van die planeten met intelligent leven die een technologisch geavanceerde
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beschaving ontwikkelen met aantoonbare tekenen van hun bestaan;
en, L is de gemiddelde levensduur van een dergelijke technologisch geavanceerde beschaving.
Het is de moeite waard te vermelden dat de eerste drie termen in de vergelijking inmid-
dels bekend zijn. De gemiddelde stervormingssnelheid, R∗, ligt tussen één en vijf Mjr−1
[Robitaille & Whitney, 2010, en verwijzingen daarin.]. Door de gemiddelde massa van een
start te nemen als 〈M∗〉 = 0.5M [Kennicutt & Evans, 2012]35, zouden we kunnen zeggen
R∗ is tussen twee tot tien sterren per jaar. Er is ten minste één planeet rond elke ster
(fp ≈ 1), en als we ons beperken tot planeten in de bewoonbare zone als degenen met de
potentie om leven te ondersteunen, dan is fpne ≈ 0.2 [Dressing & Charbonneau, 2013; Pe-
tigura et al., 2013; Batalha, 2014]. Desalniettemin zijn er geen beperkingen voor de andere
parameters en dus is het onbekend in welke mate buitenaardse beschavingen te verwachten
zijn in onze Melkweg. Alleen door verder te zoeken zouden we antwoord kunnen krijgen
op de diepzinnige vraag, is er iemand daarbuiten?
Een korte geschiedenis van radio SETI
Sinds Cocconi & Morrison [1959] erop wees dat radio een redelijke manier van interstellaire
communicatie was, zijn er veel zoekopdrachten uitgevoerd in dit gebied van het elektromag-
netisch spectrum. De eerste zoekopdracht werd gedaan door het Project OZMA [Drake,
1961a] met een bescheiden onderzoek van twee naburige sterren.
De eerste zoektochten richtten hun aandacht op speciﬁeke frequentiegebieden, zoals de
zogenaamde “waterpoel” [Oliver & Billingham, 1971]36, en andere “magische frequenties”
[Drake & Sagan, 1973a]. Deze ideeën waren voornamelijk ingegeven door de bandbreed-
tebeperkingen van die tijd. Omdat technologische vooruitgang grotere bandbreedtes mo-
gelijk maakte, hebben de inspanningen zich langzaam uitgebreid naar andere regio’s van
het aardse microgolfvenster, een regio met weinig natuurlijke ruis tussen 1-10 GHz zoals
weergegeven in Figuur 2. Bij de lage frequentiegrens van dit venster is de Galactische
synchrotronstraling de belangrijkste bron van ruis. Bij hogere frequenties wordt de water-
damp in onze atmosfeer een verstorende factor. De Figuur houdt geen rekening met de
radiofrequentie-interferentie (RFI), veroorzaakt door door de mens gemaakte technologie,
die veel sterker kan zijn en op elke frequentie kan worden gevonden.
SETI-inspanningen werden gekatalyseerd door het Project Cyclops (Project Cycloop)
NASA-rapport [Oliver & Billingham, 1971], waardoor de Interstellar Communication Study
Group bij NASA Ames werd opgericht die enkele decennia in bedrijf was. Op het hoogte-
punt van zijn activiteiten voerde deze groep de High Resolution Microwave Survey (HRMS)
uit met het doel om duizend sterren te observeren over het frequentiebereik van 1-3 GHz.
Het project werd geannuleerd na gebrek aan overheidsﬁnanciering in 1993, maar herrees
35Deze waarde is afhankelijk van de initiële massafunctie (IMF) zoals beschreven in Kroupa et al. [1993]
en anderen.
36Frequenties tussen de waterstof (H) lijn op 1420 MHz en de hydroxyl (OH) lijnen rond 1660 MHz
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Figuur 2: Het aardse microgolfvenster. Figuur overgenomen van [Morrison et al., 1977,
ﬁguur 2.]
als Project Phoenix door het SETI Instituut het jaar erop. Toen het voltooid was, had dit
project een paar honderd sterren doorzocht met een gevoeligheid die in staat was om een
hypothetische zender te detecteren die zich op een paar honderd lichtjaar afstand bevond
en een kracht zou hebben die een orde van grootte groter was dan wat momenteel moge-
lijk is met onze eigen technologie. Tegelijkertijd waren andere inspanningen zoals META
[Horowitz & Sagan, 1993], SERENDIP en SETI@home aan de gang. Je zou kunnen stellen
dat het eerste gouden tijdperk voor SETI eindigde met de eeuwwisseling. Zie Tarter [2001]
voor een meer gedetailleerd beeld van de eerste decennia van SETI.
In het eerste decennium van deze eeuw werd het SETI onderzoek kracht bijgezet door
de constructie van de eerste fase van de Allan Telescope Array (ATA), een speciale faciliteit
voor SETI. De arrayconﬁguratie en nieuwe ontvangers maakte gelijktijdige waarnemingen
van meerdere doelen over een zeer brede bandbreedte mogelijk [1-10 GHz; Harp et al.,
2016a]. De oorspronkelijk geplande ATA zou een ultramoderne telescoop zijn geweest.
Helaas was de uiteindelijke gevoeligheid van de telescoop beperkt omdat de constructie
van de array nooit de eerste fase heeft gepasseerd.
De nieuwste versie van een groot SETI-project begon een paar jaar geleden toen het
Breakthrough Listen Initiative werd aangekondigd: een tienjarig programma om de groot-
ste SETI-zoektocht in de geschiedenis uit te voeren. Dit project heeft geproﬁteerd van
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de opeengestapelde technologische verbeteringen die zijn bereikt door de wet van Moore.
De eerste resultaten van het eerste operationele jaar overtroﬀen alles wat in het verleden
was gedaan in termen van een combinatie van gevoeligheid, aantal waargenomen objecten
en gemeten bandbreedte (Hoofdstuk §6). Waarnemingen worden voortgezet met de Green
Bank Telescoop en de Parkes-telescoop met substantiële waarneemtijd [Isaacson et al.,
2017]. Toekomstige zoekopdrachten door Breakthrough Listen en haar partners gebruiken
de modernste telescopen zoals LOFAR (zoals al aangetoond in Hoofdstuk §7) en Meer-
KAT, waarmee de hoeveelheid beschikbare parameterruimte in termen van gevoeligheid en
het aantal waargenomen doelen nog verder zou worden verbeterd. Gezien het potentieel,
zou men kunnen stellen dat Breakthrough Listen het Apollo-programma van SETI aan het
worden is.37
Toch is naar de maan gaan misschien niet genoeg, naar Mars gaan kan nodig zijn om
martelaars te vinden. Er zal een volgende generatie telescopen nodig zijn om grenzen te
stellen aan het bestaan van andere beschavingen in de Melkweg, of in het uiterste geval
een beschaving te detecteren. Volgens Grimaldi & Marcy [2018] kan een telescoop met
de mogelijkheden en gevoeligheid van een toekomstige Square Kilometer Array (SKA)-
fase 2 noodzakelijk zijn om duidelijke grenzen te stellen aan het mogelijke bestaan van
buitenaardse technologie die radio-signalen uitzendt in ons Melkwegstelsel.
Dit proefschrift
In dit proefschrift zijn verschillende zoekacties naar coherente radiostraling van meerdere
(niet)-astrofysische origines en signaalmorfologieën gepresenteerd. Gezien de diversiteit
aan radio-signalen zijn meerdere telescopen en detectietechnieken gebruikt. De verschei-
denheid aan radioastronomiegegevens die in dit proefschrift worden geanalyseerd, varieert
van astronomische radiobeelden, die ruimtelijke informatie geven over een gedetecteerd sig-
naal, tot dynamische spectra van een enkele gebied in de lucht, die de tijd- en frequentie-
eigenschappen van een coherent signaal geven.
Per Telescoop
We hebben gegevens van drie radiotelescopen met verschillende conﬁguraties gebruikt.
Ten eerste hebben we de Robert C. Byrd Green Bank Telescope (GBT) gebruikt in Green
Bank, West Virginia, VS. Dit is een 100 m stuurbare telescoop met een enkele schotel
[Prestage et al., 2009]. We hebben de L-band-ontvanger van 1,1 tot 1,9 GHz (hoofdstuk §6)
en de C-band-ontvanger van 4 tot 8 GHz (hoofdstuk §3) gebruikt. Deze ontvangers kunnen
slechts in één gebied in de lucht tegelijk worden gezien. We gebruiken deze telescoop door
elke bron een aantal minuten achter elkaar te volgen. Deze waarnemingen worden gebruikt
37Toevallig wordt dit proefschrift afgedrukt rond het 50-jarig jubileum van de eerste maanlanding.
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voor de analyse van de temporele en spectrale eigenschappen van de gegevens bij het zoeken
naar mogelijke radiostraling uit niet-opgeloste bronnen.
Ten tweede hebben we de Giant Metrewave Radio Telescope [GMRT; Swarup et al.,
1991], gelegen nabij Pune, India, gebruikt. GMRT bestaat uit 30 individuele, bestuurbare
schotels van elk 45 m. Een array-telescoop wordt meestal gebruikt voor apertuursynthese,
een interferometrische methode die alle paren antennes, ookwel basislijnen genoemd, ge-
bruikt om een beeld van een gebied in de lucht te maken. De resolutie van de afbeelding
wordt in principe beperkt door de langste basislijn. We gebruikten afbeeldingen van inter-
ferometrische gegevens genomen op 150 MHz door deze telescoop (Hoofdstuk §2).
Ten slotte hebben we de Low-Frequency Array [LOFAR; van Haarlem et al., 2013]
gebruikt, een telescoop met een apertuurarray die is samengesteld uit ongeveer 20.000 di-
poolantennes, die zijn verdeeld in groepen en stations. De meeste stations bevinden zich
in Nederland en enkele in andere Europese landen. We observeerden met deze telescoop
frequenties tussen 20 en 250 MHz (hoofdstukken §4, §5, en §7). De technologie achter deze
telescoop biedt een grote ﬂexibiliteit, men kan het gebruiken in een bundelvormige modus
(zoals een enkele schotel), of in de interferometrische modus (zoals een array), en deze modi
kunnen ook tegelijkertijd worden gebruikt. Figuur 3 toont de drie telescopen. GMRT en
LOFAR worden slechts gedeeltelijk weergegeven, omdat ze over een groot gebied verdeeld
zijn.
Per onderwerp
Het proefschrift is onderverdeeld in drie delen, waarbij elk deel een andere astrofysische
bron van coherente radiostraling omvat. In het eerste deel presenteren we twee zoekstudies
naar stellaire radiostraling van rode en bruine dwergen. Met deze zoektochten proberen
we de stellaire activiteit en daarmee de bewoonbaarheid van zulke stersystemen te begrij-
pen. In het tweede deel is onze zoektocht gefocust op FRB’s met de LOFAR-telescoop.
Dit werk wordt gemotiveerd door de onbekende astrofysische aard van de pulsen en het
potentieel om nieuwe interessante astrofysische processen te ontdekken. In het derde deel
concentreren we ons op de zoektocht naar vermeende kunstmatige smalbandige signalen
in ons eigen zonnestelsel. Deze zoektochten worden gemotiveerd door enkele van de grote
vragen in astrobiologie, namelijk om de verdeling en de toekomst van leven in het univer-
sum te begrijpen. In dit speciﬁeke geval zoeken we naar intelligent leven dat in staat is om
radiosignalen uit te zenden.
Deel I, de zoektocht naar stellaire activiteit
In het eerste deel van dit proefschrift concentreren we ons op het zoeken naar sterren die
actief zijn in radiogolﬂengten. We hebben dit gedaan door te zoeken in bestaande radio-
hemelonderzoeken en observaties op te volgen van mogelijke actieve sterren.
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Figuur 3: Afbeeldingen van de telescopen die gebruikt zijn in dit proefschrift: (A) GBT
(B) LOFAR superterp (C) GMRT
In Hoofdstuk §2 hebben we de TIFR GMRT Sky Survey (TGSS) geanalyseerd op de
aanwezigheid van stellaire radiostraling. Dit onderzoek dekt ongeveer 90% van de hemel op
150 MHz en heeft een hoekresolutie van 25′′. Deze eigenschappen, evenals de integratietijd
van slechts een paar minuten voor elk deel van de lucht, maken de data van TGSS optimaal
voor zoektochten naar stellaire radioﬂitsen.
We hebben een radiocatalogus van alle bronnen in de afbeeldingen van TGSS First
Alternative Data Release [TGSS ADR1; Intema et al., 2017] gemaakt door elke bron met
een signaaldetectie van meer dan drie standaard deviaties te identiﬁceren. We hebben
de locaties van miljoenen radiobronnen vergeleken met die van duizenden bekende rode
en bruine dwergen. We hebben een groep van 21 bronnen gevonden die de meeste po-
tentie hebben dat ze door sterren worden gegenereerd. Vervolgstudies, naar bijvoorbeeld
polarisatie-eigenschappen, zouden een duidelijker beeld kunnen geven van de sterrenac-
tiviteit van deze sterren. We moedigen gerichte observaties om deze bronnen te volgen
aan.
In hoofdstuk §3 rapporteren we over de vervolgwaarnemingen met de GBT van Ross
248
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 259
Samenvatting
128, een rode dwerg op slechts 3,3 pc. (10,9 lichtjaren) van ons zonnestelsel. Deze ster bleek
eerder een bijzondere radiostraling te hebben van ongeveer 4,7 GHz, waargenomen door
een andere groep die de Arecibo-telescoop gebruikte, hoewel de resultaten niet overtuigend
waren.
We hebben tegelijkertijd waarnemingen gedaan met de GBT en Arecibo-telescoop. Onze
GBT-waarnemingen toonden geen radiostraling die consistent was met de veronderstelling
dat ze afkomstig zou zijn van Ross 128. Met behulp van verdere analyse hebben we een
aantal breedband radio-signalen geïdentiﬁceerd met een vergelijkbare morfologie als die
eerder door een andere groep werd geclaimd. We merken echter op dat deze emissie kan
worden geassocieerd met lokale RFI, in het bijzonder met kunstmatige satellieten die in de
nabijheid van de kijkrichting naar Ross 128 om de aarde bewegen.
Deel II, de zoektocht naar snelle radio bursts
In dit deel van het proefschrift concentreren we ons op het zoeken naar snelle transiënten bij
lage radiofrequenties. We presenteren het Fast Radio Transient Search (FRATS) -project
dat gebruik maakt van de LOFAR-telescoop. Dit is een commensaal programma dat is
ontworpen om te zoeken naar Fast Radio Burst (FRB’s) en andere snelle radio-transiënten
bij frequenties lager dan 250 MHz en met tijdschalen van sub-secondes.
Bij de lage frequenties die de telescoop gebruikt, biedt LOFAR een unieke combinatie
van gevoeligheid, hoge hoekresolutie, evenals technische capaciteit en rekencapaciteit voor
parallelle observaties in verschillende modi. De telescoop is ook geïntegreerd met Transient
Buﬀer Boards (TBB’s) op elke antenne. Deze gebuﬀerde gegevens kunnen oﬀ-line worden
geanalyseerd om de mogelijkheden van de telescoop te vergroten in termen van gevoeligheid
en lokalisatie van transiënten in de oorspronkelijke waarnemingen. Deze kwaliteiten zijn
essentieel voor het FRATS-project.
In hoofdstuk §4 bieden we een gedetailleerde beschrijving van de software die wordt
gebruikt voor de oﬀ-line analyse van onbewerkte spanningsgegevens van TBBs van indi-
viduele LOFAR-antennes. Deze software biedt een grote ﬂexibiliteit en maakt meerdere
post-processing analyses, zoals de detectie, validatie en vooral de hemelse lokalisatie van
snelle transiënte signalen.
We presenteren een aantal voorbeelden die werken als proof of concept voor het FRATS-
project. Eerst laten we een automatisch gedetecteerd signaal zien dat met succes is geï-
dentiﬁceerd als een mankement van een individuele antenne. Vervolgens presenteren we
een uitbarsting van de zon die toevallig werd gedetecteerd en later werd geïdentiﬁceerd en
gelokaliseerd door onze software dankzij de mogelijkheid om met de TBB-gegevens achteraf
in een andere richting waar te nemen.
Tenslotte rapporteren we over waarnemingen van pulsar PSR B0329+54 waarvan we, na
het combineren van TBB-gegevens van meerdere LOFAR-stations tot een hoge-resolutiebeeld,
de lokalisatie hebben verbeterd ten opzichte van de oorspronkelijke waarneming. Dit was
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mogelijk nadat we de telescopen in een coherente bundel op de pulsar konden richten.
We tonen ook de gedetailleerde analyse van pulsen van deze pulsar waaronder een be-
rekening van de rotatiemaat (RM) die overeenkomt met literatuurwaarden. Dit is een
duidelijk voorbeeld van de mogelijkheden van TBB LOFAR-gegevens en het is een goede
proof-of-concept voor de lokalisatie van FRB’s. In hoofdstuk §5 presenteren we de resul-
taten van het FRATS-project vanaf de eerste proefwaarnemingen, welke werden gedaan
tijdens de telescooptijd die was toegewezen aan andere wetenschappelijke programma’s.
Deze waarnemingen tonen aan dat we met succes kunnen observeren op een symbiotische
manier, waardoor de hoeveelheid waarneemtijd die beschikbaar is voor ons project aanzien-
lijk wordt verhoogd. Tijdens deze waarnemingen gebruiken we een real-time zoekfunctie
op een incoherente LOFAR-beam (11.25 graden2 bij 150 MHz). De eerste proefstudie zocht
naar snelle transiënten met Dispersie Maten (DM) tot 120 pc cm −3 tussen 119 en 151 MHz.
We hebben het DM-bereik verhoogd tot 500 pc cm −3 bij de tweede proefstudie. Er werden
geen snelle transiënten gedetecteerd in beide proefstudies die een boven- en ondergrens
hadden van respectievelijk 1,6 kJy ms en 6,0 kJy ms hadden voor de ﬂuentie van een 8-ms
puls. Ondanks dat we geen FRB’s hebben gedetecteerd, werden wel verschillende pulsars
gedetecteerd, waaronder PSR B2111 + 46 met een DM van 141.26 pc cm −3. Hiermee
werden de capaciteiten van het systeem gevalideerd.
We hebben ook de bovengrens berekend voor het aantal evenementen per hemel per
dag op 1500 evenementen per hemel per dag en 1400 evenementen per hemel per dag voor
respectievelijk de eerste en tweede proefstudie. Daarnaast hebben we een limiet van 134
evenementen per Gpc 3 per dag afgeleid voor de tweede proefstudie. In hoofdstuk §5 laten
we andere hemelgrenswaarden zien voor andere ﬂuentie- en pulsbreedteconﬁguraties.
De limieten van onze proefwaarnemingen leggen geen sterke beperking op hoe vaak
FRB’s voorkomen bij lage frequenties. We bespreken wel de waarnemingstijd die nodig
zou moeten zijn voor een detectie, aan de hand van een aantal aannames van resultaten op
hogere frequenties. We bespreken ook mogelijke aanpassingen aan het FRATS-programma,
waaronder het gebruik van een vliegenoog-modus die de hemeldekking maximaliseert. We
wijzen erop dat het mogelijk is om binnen 10 dagen observatietijd een FRB met deze me-
thode te detecteren. We bespreken ook de mogelijkheid om externe triggers van telescopen
zoals Eﬀelsberg te gebruiken. Dit nieuwste werk is al gestart [Houben et al., 2019].
Deel III, de zoektocht naar radio-technosignaturen
In de eerste twee delen van het proefschrift onderzochten we de coherente radiostraling in
het tijdsdomein van natuurlijke astrofysische bronnen. In het laatste deel van dit proef-
schrift concentreerden we ons op de zoektocht naar technosignaturen in het radiospectrum.
We zoeken in het bijzonder naar signalen met een zeer nauwe band van interstellaire oor-
sprong die een kunstmatige oorsprong zouden suggereren en dus het bestaan van intelli-
gentie elders in het universum kunnen aantonen.
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In hoofdstuk §6 presenteren we de resultaten van een onderzoek naar kunstmatig smalle
bandsignalen van interstellaire oorsprong. Deze zoektocht omvat observaties van 692 na-
bijgelegen sterren met behulp van de L-bandontvanger (1,1 - 1,9 GHz) op de GBT, een
radiotelescoop met een enkele schotel die een diameter van 100 meter heeft. De gegevens
werden gekanaliseerd naar een zeer hoge frequentie resolutie van drie Hz. We zochten naar
signalen die binnenkwamen met een driftsnelheidbereik van ±2 Hz s−1. We gebruikten een
drempelwaarde van 25 keer boven de ruis voor selectie van een signaal. Uit de miljoenen
gevonden signalen kwam slechts een handvol gebeurtenissen door onze geautomatiseerde
analyse. Met deze analyse vergelijkten we signalen van meerdere richtingen in de hemel,
om de waarschijnlijkheid te onderzoeken dat het signaal van interesse uit de richting van
het doelwit van interesse komt.
De belangrijkste gebeurtenissen bleken valse positieven te zijn, veroorzaakt door hetzij
een signaal in de Uit-waarnemingen die door onze algoritmen werd gemist of omdat het
gewone signalen in meerdere richtingen bleken te zijn die mogelijk gerelateerd zijn aan
GPS-satellieten (L3/L4-frequentiebanden).
Onze niet-detecties van buitenaardse signalen stellen een bovengrens aan de kracht van
hypothetische ononderbroken signalen van minder dan 1013 W. Deze hoeveelheid kracht is
vergelijkbaar met wat onze eigen technologie kan produceren. Gezien het aantal sterren in
onze steekproef, suggereren onze bovengrenzen dat minder dan 0, 14% van de sterren binnen
50 pc radiozenders hebben die kunnen worden gedetecteerd door het type zoekopdracht dat
in dit project is uitgevoerd. We hebben onze resultaten vergeleken met eerdere zoektochten
en we concluderen aan de hand van verschillende maatstaven dat onze resultaten de meest
strikte zoektocht in het radio-domein van nabije sterren tot nu toe is geweest
In Hoofdstuk §7 bestuderen we de zoektocht naar radio-technosignaturen bij lage fre-
quenties met behulp van een nieuwe multi-bundel analysebenadering. Dit is het eerste
onderzoek naar buitenaardse smalbandsignalen bij lage frequenties dat ooit is uitgevoerd.
We gebruikten de LOFAR-telescoop op alle beschikbare frequenties (10-250 MHz) om alle
nabije sterren binnen 5 pc die zichtbaar zijn in het noordelijk halfrond te observeren. Elke
ster werd gedurende 12 minuten geobserveerd en we zochten naar driftsignalen met een
drempelwaarde van 10 keer boven de ruis en een driftsnelheidbereik van ±10 Hz s−1. De
driftsnelheid van een signaal wordt veroorzaakt door de relatieve versnelling tussen de zen-
der en de ontvanger. De relatieve versnelling op een bepaald moment is te wijten aan
meerdere rotatie- en orbitale bewegingen. Voor een bepaalde versnelling is de driftsnelheid
die wordt ervaren op een signaal omgekeerd evenredig met de frequentie. Gezien de lage
frequenties van LOFAR, stelt dit driftsnelheidbereik van ±10Hz s−1een limiet aan grote
versnellingen (150ms−2, of 15.3g0), wat overeenkomt met ±700Hz s−1op 1.4 GHz. Tot op
heden is dit het grootste bereik van versnellingen bewezen door een radio-SETI-experiment.
Een array-telescoop zoals LOFAR maakt simultane waarnemingen van meerdere gebieden
in de lucht mogelijk. We laten zien dat dit een krachtige techniek is om lokale RFI te iden-
tiﬁceren. Met behulp van deze techniek konden we alle gevonden signalen die door mensen
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zijn geproduceerd identiﬁceren en uitsluiten. Dankzij de LOFAR-gevoeligheid hebben we
een bovenlimiet kunnen stellen voor continue smalbandige signalen uit de richting van de
waargenomen objecten op een EIRP van 1, 6 × 1011 W, wat overeenkomt met wat op dit
moment mogelijk is binnen onze eigen technologische limieten.
Met bovenstaande twee projecten hebben we de grenzen van de parameterruimte waarin
we zoeken naar technosignaturen uitgebreid. Niettemin kunnen we nog steeds moeilijk be-
palen hoe waarschijnlijk het is dat we ooit dergelijk signaal waarnemen. Alleen door de
zoekalgoritmen en -technieken te verbeteren, en door de omvang en grofheid van astrono-
mische onderzoeken te vergroten, kunnen we een steeds sterkere beperking stellen aan het
bestaan van technosignaturen in onze melkweg en daarbuiten.
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Introducción
Desde el descubrimiento de Karl Jansky de la primera fuente radio astronómica (Vía Láctea)
en la década de 1930, la radioastronomía se ha convertido en un método poderoso para
observar el cosmos. Dos características de las ondas de radio que hacen posible el estudio de
muchos fenómenos astrofísicos, que de otro modo no serían perceptibles, son: 1) sus largas
longitudes de onda que les permiten atravesar el polvo y gas interestelar sin verse afectadas,
y 2) los procesos de emisión especíﬁcos de la parte de radio del espectro electromagnético.
Un importante subcampo de la radioastronomía es el estudio de los eventos transito-
rios. Los objetos transitorios de radio se reﬁeren a fuentes de emisión de radio con un
aumento temporal del ﬂujo de energía que se producen en diferentes escalas de tiempo,
las cuales van desde milisegundos hasta días o periodos de tiempo más largos. Las escalas
de tiempo cortas que exhiben estas fuentes se logran mediante procesos de emisión no tér-
mica, que son producidos por partículas ionizadas y campos magnéticos. Dependiento de
sus propiedades, la emision resultante puede ser coherente o incoherente. Debido a que la
emisión incoherente es auto absorbida, las escalas de tiempo asociadas con esta emisión son
generalmente más largos que la emisión coherente. Además, la temperatura de brillo para
la emisión incoherente se limita a un máximo de 1012 K. Este no es el caso de la emisión
coherente que puede tener temperaturas de brillo más altas.
La interacción entre partículas ionizadas, que pueden tener diferentes energías y den-
sidades, y campos magnéticos, que pueden tener diferentes intensidades, variabilidades
y conﬁguraciones, permite una variedad de procesos coherentes emisiÃşn de radio. Las
propiedades de las emisiones de radio permiten a los astrónomos analizar la naturaleza de
estas interacciones, así como las características del campo magnético.
El estudio de los campos magnéticos es importante para los astrónomos por muchas
razones. Podemos observar y analizar cómo se crean los campos magnéticos, cómo evolu-
cionan, y cómo interactúan con el medio circundante. Esto permite inferir cómo ocurren
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la creación y evolución de las fuentes astrofísicas que generan los campos magnéticos. En
muchos casos, los campos magnéticos solo pueden ser estudiados por la emisión de radio
causada por partículas que se mueven a lo largo de las líneas del campo magnético.
En nuestro sistema solar, las fuentes más comunes de emisión de radio son el sol (en
forma de llamaradas solares) y los planetas (en forma de auroras planetarias). Estos tipos
de emisiones también se encuentran en estrellas cercanas y enanas marrones. A distancias
astronómicas relativamente cortas (es decir, menos de unas pocas docenas de parsecs38),
la emisión de radio puede usarse para estudiar las interacciones entre las estrellas y sus
planetas. Los campos magnéticos se han postulado como un requisito para la habitabilidad
en los exoplanetas, como es el caso de la Tierra [por ejemplo Tarduno et al., 2015]. Esto
se debe a que los campos magnéticos protegen la atmósfera y la biosfera de la radiación
cósmica. Una futura detección de ondas de radio proveniente de exoplanetas abriría una
ventana a las características del campo magnético de los exoplanetas y, por lo tanto, a su
probablididad de habitabilidad. Además, el estudio de la actividad estelar en longitudes
de onda de radio muestra la frecuencia con la que las estrellas estallan y, por lo tanto, es
un aspecto importante para medir la habitabilidad de los planetas circundantes.
A distancias mayores (es decir, cientos de parsecs o más), el estudio de la emisión de
radio puede ayudar a los astrónomos a comprender algunos de los entornos físicos más
extremos del universo. Los objetos transitorios de radio más estudiados son aquellos que
emiten pulsos de corta du-ración con una escala de tiempo de un milisegundo. A distancias
galácticas (miles de parsecs), las estrellas de neutrones de rotación rápida conocidas como
púlsares pueden alojar campos magnéticos muy fuertes y pueden ser detectadas por sus
ráfagas periódicas de radio. A distancias extragalácticas (millones de parsecs), las ráfa-
gas de radio rápidas (FRB, por sus siglas en inglés) son emisiones de radio luminosas y
enigmáticas, la mayoria de ellas solo ocurren una vez. Por sus temperaturas de brillo muy
grandes ( 1012 K), los astrónomos saben que los mecanismos de emisión de radio son
coherentes, pero aún no se comprende su mecanismo de emisión.
Es una práctica común eliminar la interferencia de radiofrecuencia (RFI, pos sus siglas
en inglés) de los datos radioastronómicos, sin embargo, podría ser que una de esas señales
artiﬁciales no sea hecha por el hombre.
Al mismo tiempo que la radioastronomía se ha convertido en un campo maduro de la
astronomía, nuestra tecnología ha utilizado los beneﬁcios de las ondas de radio para la
comunicación de largas distancias en nuestro planeta, e incluso para la comunicación de
naves espaciales en todo el sistema solar. Si extrapolamos esto, podríamos imaginar que
las civilizaciones extraterrestres, si existen, podrían usar señales de radio para comunicarse
a través de la Vía Láctea. El estudio cientíﬁco del universo sería incompleto si no incluyera
un estudio de la vida, y en particular de la vida inteligente. Dada nuestra presencia en este
universo, es prudente considerar nuestra propia tecnología como otra fuente de emisión de
38Un parsec es una unidad de distancia que equivale a 3.26 años luz.
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radio coherente. La pregunta entonces es: ¿Es este tipo de emisión único en la Tierra?
Mientras más fuentes de radio transitorio podamos investigar, más podemos entender
sobre los diferentes mecanismos de emisión de las ondas de radio. En este trabajo discuto
la variedad de búsquedas de emisiones de radio y las técnicas para detectar fuentes nuevas
o existentes de diferentes tipos de emisiones coherentes.
De planetas a estrellas pequeñas
Las propiedades astrofísicas que distinguen a las estrellas y los planetas no tienen límites
deﬁnidos. Las variaciones en sus propiedades generalmente dependen en la masa del objeto.
Los objetos en la intersección entre las estrellas y los planetas se llaman enanas marrones.
Las características generales de estos tres tipos de objetos astrofísicos, sus similitudes y
diferencias, se describen a continuación. Así mismo, este resumen, ayuda a aclarar nues-
tra comprensión general de las propiedades del campo magnético descritas en la sección
siguiente.
Las estrellas son objetos que se mantienen en equilibrio hidrostático mediante la combi-
nación de su gravedad y la presión ejercida por el gas en su interior. La gravedad crea una
alta presión en el núcleo de las estrellas, lo que provoca la fusión de los átomos. La energía
liberada por la fusión genera altas temperaturas en el interior de la estrella (106 − 107 K)
que dan como resultado la presión del gas de iones que forma la estella. Esta energía es
transportada hacia afuera desde el núcleo de la estrella. La estructura interna de una es-
trella depende del método de transporte de energía, que a su vez depende del gradiente de
temperatura. Si el gradiente es pronunciado, el transporte de energía es convectivo, de lo
contrario, el transporte de energía ocurrirá mediante radiación. Dependiendo de su masa,
la estrella puede tener capas en las que uno u otro transporte de energía esté activo. Se sabe
que las estrellas de masa baja (< 0.35 M)39 son completamente convectivas. AdemÃąs,
son conocidos como enanas rojas.
La masa de una estrella determina la cantidad de presión que es posible generar en su
núcleo y, por lo tanto, el tipo de proceso(s) de fusión. La mayoría de las estrellas funden
hidrógeno en helio durante la mayor parte de sus vidas. Una estrella normal con una masa
de más de ∼ 0.08 M es lo suﬁcientemente pesada como para fusionar hidrógeno en su
núcleo [Kumar, 1963; Auddy et al., 2016]. Por debajo de este límite, las estrellas queman
deuterio (o litio) durante algún tiempo, si son más masivas que aproximadamente 13 veces
la masa de Júpiter [Saumon et al., 1996]. Estos objetos se llaman enanas marrones. La
fusión en la mayoría de las enanas marrones no dura mucho tiempo (decenas a cientos de
millones de años) si se compara con las escalas de tiempo de las estrellas de masa baja que
presentan fusión de hidrógeno que puede durar miles de millones de años.
39Una masa solar, M, es una unidad equivalente a la masa del Sol (1.988 × 1030 kg) o alreddor de 330
mil veces la masa de la Tierra.
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La energía de las enanas marrones es suministrada principalmente por la contracción
que sufren durante su vida debido a la inﬂuencia de su gravedad. Los límites de masa
(mayor y menor) que deﬁnen a las enanas marrones no son muy precisos y dependen de
otras propiedades de los objetos, como su composición química, también llamada contenido
de metal. Los objetos que son menos masivos que las enanas marrones se conocen como
gigantes gaseosos, ejemplos de ellos son Júpiter y Neptuno.
Las enanas marrones tienen propiedades que coinciden tanto con los planetas como con
las estrellas. Tienen interiores convectivos no diferenciados como las estrellas [Marley &
Robinson, 2015], en contraste con los planetas que tienen capas con diferentes composiciones
químicas. Las enanas marrones son aproximadamente del tamaño de Júpiter, independien-
temente de su masa. Esto contrasta con las estrellas, cuyas dimensiones están directamente
relacionadas con su masa. Además, las enanas marrones y los planetas gaseosos tienen at-
mósferas relativamente frías que controlan sus temperaturas y proporcionan un lugar donde
pueden formarse moléculas complejas, a diferencia de las estrellas que tienen atmósferas
ionizadas con coronas calientes [Marley & Robinson, 2015]. La atmósfera de color marrón
de las enanas marrón se caracteriza por tener capas de nubes y química lluviosa [Marley
& Robinson, 2015]. Los gigantes gaseosos y las enanas marrones tienen una composición
similar a las estrellas: ambos están conformados principalmente por hidrógeno y helio.
A pesar de su nombre40, las enanas marrones se aprecian color magenta o anaranjado
al ojo humano. Son más luminosas en longitudes de onda infrarrojas, aunque mucho más
débiles que las estrellas. Desde el descubrimiento de la primera enana marrón en 1995
[Rebolo et al., 1995; Nakajima et al., 1995; Oppenheimer et al., 1995], este campo de
estudio se ha expandido bastante en las últimas décadas, y ha llevado al descubrimiento de
más de dos mil enanas marrones gracias a investigaciones modernas como la investigación
del cielo DENIS. [Delfosse et al., 1998], 2MASS [Skrutskie et al., 2006], SDSS [West et al.,
2008] y WISE [Kirkpatrick et al., 2011].
Bueno pero ¿qué hay con los campos magnéticos?
Cuerpos astronómicos giratorios y sus campos magnéti-
cos
Para explicar la generación de campos magnéticos en estrellas y planetas, generalmente
usamos modelos que funcionan como un dinamo. Este modelo relaciona las propiedades de
rotación y convección de un cuerpo astronómico con las propiedades eléctricamente conduc-
toras de un ﬂuido en el interior. La base de la teoría del dinamo se basa en la ecuación de
inducción magnética junto con las ecuaciones de campo de velocidad del ﬂuido [Hathaway
& Dessler, 1986]. Un proceso importante abordado por la teoría del dinamo es la inversión
40Incluso antes del primer descubrimiento, el término enana marrón fue sugerido por primera vez en
1975 por Jill Tarter, quien es mejor conocida por su trabajo en el campo de la SETI (capítulos §6, §7)
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de campo magnético, es decir, cuando los polos magnéticos del norte y el sur intercambian
posiciones geométricas.
Planetas
En el caso de la Tierra, el campo magnético es producido por el hierro líquido en su
núcleo convectivo [Glatzmaier & Roberts, 1995; Buﬀett, 2009; Sakuraba & Roberts, 2009].
La historia de las inversiones del campo magnético de la Tierra es bien conocida. No
muestra periodicidad y tiene una distribución aleatoria de períodos cortos (de cientos de
años) a períodos largos (de millones de años) [Cox, 1973]. También se ha descubierto que
el campo magnético de la Tierra se formó muy temprano y, por lo tanto, desempeña un
papel crucial como capa protectora de la radiación externa y contribuye a la habitabilidad
de la Tierra [Tarduno et al., 2015].
Para planetas gaseosos gigantes como Júpiter, los movimientos convectivos de hidrógeno
metálico líquido en el núcleo externo del planeta crean campos magnéticos [Russell, 1993].
Se ha propuesto que las inversiones polares podrían ser casi periódicas en intervalos de
tiempo que van desde cientos de años a decenas de miles de años [Hathaway & Dessler,
1986; Jones, 2014] Los campos magnéticos de los planetas en nuestro sistema solar son
mucho más grandes que el tamaño del planeta, tienen una vida larga, y generalmente pre-
sentan una simetría dipolar41. Las partículas ionizadas atrapadas a lo largo de las líneas de
campo magnético interaccionan con la atmósfera del planeta, creando el fenómeno conocido
como aurora boreal [Zarka, 1992, 2007]. Las partículas ionizadas también crean emisión de
radio mediante la emisión maser de sincrotrón, un fenómeno que está directamente rela-
cionado con la intensidad del campo magnético local [Zarka, 1998]. Júpiter tiene el campo
magnético más intenso de todos los planetas de nuestro sistema solar, el cuál es de aproxi-
madamente 10 G42.
Estrellas
En las estrellas, los campos magnéticos son creados en corrientes de plasma conductivo
dentro de la zona convectiva. La rotación diferencial en la región convectiva de una es-
trella hace que las líneas del campo magnético terminen en un campo toroidal. A escalas
relativamente pequeñas, las líneas del campo magnético se convierten en una estructura
en espiral, conocida como el dinamo α − Ω [Parker, 1955, 1970]. La tensión en las líneas
del campo magnético puede alcanzar un punto en el que tiene lugar una reconexión mag-
nética en la superﬁcie de la estrella, lo que produce erupciones solares y expulsiones de
masa coronal (CME, por sus siglas en inglés). Es bien conocido que existen en el Sol llama-
41 Sin embargo, los resultados recientes de la misión Juno apuntan a una morfología de campo magnético
más compleja para Jupiter [M. Moore et al., 2018].
42A Gauss, G, es la medida de intensidad de campo magnético.
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radas de emisión de radio con múltiples morfologías que están relacionadas con la actividad
magnética. A grandes escalas, las componentes opuestas del campo magnético se cancelan
dejando un campo magnético débil con una estructura de dipolo.
En el Sol el proceso de inversión es periódico y se produce en escalas de tiempo mucho
más cortas que con los planetas en nuestro sistema solar (como se explicó anteriormente).
La inversión de campo magnético solar tiene lugar cada once años. Esta periodicidad se ha
medido indirectamente mediante el recuento de manchas solares desde hace algunos siglos.
El número de manchas solares se correlaciona con su actividad magnética y las inversiones
de campo ocurren en los máximos del ciclo solar [Hale et al., 1919; Hathaway, 2010].
El modelo dinamo α − Ω explica la generación de campos magnéticos en estrellas par-
cialmente convectivas [Browning et al., 2006]. Sin embargo, las estrellas de baja masa son
totalmente convectivas e incluso pueden ser más activas magnéticamente y tener campos
magnéticos más fuertes que sus homólogas más masivas [por ejemplo Morin et al., 2008].
Esto sugiere que un mecánismo de dinamo diferente está en funcionamiento. Varias teorías
se han propuesto para explicar la formación de campos magnéticos en estrellas de baja masa
[Chabrier & Küker, 2006]. Sin embargo, el mecanismo de generación de campo magnético
no se conoce bien [Pineda, 2017].
Enanas marrones
La física detrás de los campos magnéticos de las enanas marrones no se conoce bien.
Curiosamente, su evolución de rotación y distribución es diferente comparada con el de las
estrellas. Dado que las enanas marrones experimentan una contracción durante su vida,
su velocidad de rotación aumenta debido a la conservación de momento angular [Zapatero
Osorio et al., 2006] – como un patinador al dar una pirueta y contraer sus brazos. Sus
campos magnéticos tienen más similitudes con un dinamo planetario, aunque los campos
magnéticos son mucho más fuertes (del orden de kiloGauss) como lo demuestra la detección
de emisión de radio [Hallinan et al., 2006]. Esta emisión se observa principalmente en rota-
dores rápidos con un periodo de unas pocas horas [Hallinan et al., 2006]. Se ha demostrado
que la emisión de radio en estos objetos está relacionada con los procesos de aurora [Hal-
linan et al., 2015; Pineda et al., 2017], similar a la emisión de radio planetaria [Zarka, 1998].
Magnetares
El caso más extremo de un cuerpo que gira rápidamente con campos magnéticos ex-
tremadamente fuertes se llama magnetar. Este tipo de objetos son estrellas de neutrones
jóvenes que giran muchas veces por segundo, con un campo magnético de 1014 − 1015 G
[Kaspi & Beloborodov, 2017]. Los magnetares proporcionan una emisión luminosa en rayos
X y radiación gamma. Las estrellas de neutrones son objetos muy compactos, producto
de explosiones de supernova al ﬁnal de la vida de las estrellas masivas [Baade & Zwicky,
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1934]. Tienen aproximadamente 20 km de diámetro y un máximo de dos o tres veces la
masa del Sol. Las fuentes de emisión de radio de estas estrellas no se comprende bien, pero
se cree que puede ser causada por partículas de alta energía que viajan a lo largo de las
líneas del campo magnético, en un proceso conocido como emisión de curvatura coherente
[Luo & Melrose, 1992]. Esta radiación emitida, en combinación con el período de rotación
de la estrella de neutrones, puede causar pulsos de milisegundos que abarcan una amplia
gama de frecuencias – estos fenómenos son conocidos como púlsares43 [Gold, 1968]. Algu-
nas teorías sugieren que los magnetares también son responsables de la creación de FRBs
[por ejemplo Kulkarni et al., 2014].
Ráfagas de radio rápidas (FRB)
El tipo más reciente de fenómenos astrofísicos en el espectro de radio se descubrió hace poco
más de una década. Las FRB son señales de radio misteriosas que duran solo unos pocos
milisegundos. La mayoría de ellas aparecen solo una vez. Hasta ahora solo se conocen dos
fuentes que parecen tener múltiples ráfagas, llamadas “repetidores”, que son FRB121102 (o
R1) y FRB180814 (o R2). La primer FRB encontrada se encontró en los datos de archivo
del telescopio Parkes a 1.4 GHz [Lorimer et al., 2007]. Esta fue conocida como la “Lorimer
Burst” (ver Figura 1).
Esta ráfaga se identiﬁcó como extragaláctica debido a la gran dispersión medida. La
cantidad de dispersión está relacionada con la cantidad de electrones libres entre el obser-
vador y la fuente de emisión.
Después de la primer FRB detectada, pasaron varios años antes de que se encontraran
más FRB en los datos de archivo de las investigaciones de púlsares. Fue hasta 2012 cuando
Keane et al. [2012] descubrió la segunda FRB. Un año después, Thornton et al. [2013]
presentaron cuatro FRB más y estimaron que tales eventos ocurren alrededor de 10 mil por
día distribuidos en el cielo. A partir de entonces, la comunidad cientíﬁca comenzó a prestar
más atención a este nuevo tipo de fuentes astrofísicas. Desde entonces muchas más han
sido descubiertos. La primera década fue liderada por los descubrimientos con el telescopio
Parkes. De las primeras 25 FRB descubiertas, solo unas cuantas no se encontraron con este
telescopio. Durante este período hubo gran cantidad de teorías que intentaron explicar el
origen de dichas ráfagas, entre ellas se encuentran las relacionadas a procesos astrofísicos de
emisión: 1) llamaradas estellares [Loeb et al., 2014], 2) radiación concentrada causada por
cuerpos celestes que giran alrededor de púlsares [?], 3) ráfagas gigantescas de magnetares
extragalácticos [Kulkarni et al., 2014], 4) también fueron usadas para sugerir evidencia de
inteligencia extraterrestre [Lingam & Loeb, 2017], otras teorías sugieren que las ráfagas
son producto de eventos más catastróﬁcos como: 1) la evaporación de los agujeros negros
43Los primeros púlsares observados se denotaron con el término “Little Green Man” (LGM) cuya tra-
ducción al español es “Pequeños hombrecitos verdes” (http://www.bigear.org/vol1no1/burnell.htm).
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Figure 1: La ráfaga de Lorimer. La señal se desplaza sobre todas las frecuencias
mostrando el efecto de dispersión que surge a través de la interacción con el
medio interestelar (ISM) y el medio intergaláctico (IGM) entre la fuente y
nosotros. En la Figura, la señal está delimitada por las dos líneas blancas colo-
cadas para referencia. Si se corrige la propagación, la señal se puede mejorar
sumando las frecuencias como se muestra en el gráﬁco utilizado. También se
muestra en esta Figura otra forma de emisión coherente, en este caso limitada
a un rango de frecuencia estrecho de alrededor de 1,35 GHz. Esta emisión de
radio es hecha por el hombre y se conoce como interferencia de radiofrecuencia
(RFI). Figura copiada de Lorimer et al. [2007] (ﬁg 2).
Rees [1977], y 2) supernovas con estrella de neutrones como compañeras [Egorov & Post-
nov, 2009], 3) el colapso de estrellas de neutrones supramasivas [Falcke & Rezzolla, 2014],
enanas blancas [Kashiyama et al., 2013] o fusiones de estrellas de neutrones [Totani, 2013],
entre otros. Hasta la fecha, aún no es claro el mecánismo astrofísico responsable de estos
fenómenos poderosos y misteriosos.
Hasta ahora hay un evento que ha sobresalido entre las FRB, la llamada FRB121102.
Esta ráfaga fue la primera descubierta con el telescopio de Arecibo [Spitler et al., 2014], y la
primera fuente en emitir repetidamente un FRB [Spitler et al., 2016]. Esto alentó la inves-
tigación de seguimiento con telescopios de mejor resolución e hizo posible la localización de
la galaxia anﬁtriona [Marcote et al., 2017]. También ha habilitado la detección de FRBs en
las frecuencias de radio más altas que de ninguna otra fuente, así como la mayor densidad
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de ráfagas44 en un período de tiempo determinado [Gajjar et al., 2018]. Utilizando los
estudios detallados de las ráfagas, su mecanismo de emisión se ha estudiado más a fondo,
por lo que ahora pensamos que FRB121102 puede ser un magnetar rodeado por una densa
nebulosa cerca de un agujero negro masivo [Michilli et al., 2018; Hessels et al., 2018].
Sin embargo, todavía es posible que el repetidor pertenezca a una población de fuentes
diferente a la de las FRB regulares [Palaniswamy et al., 2018] o no [Bagchi, 2017; Cordes
et al., 2017]. El descubrimiento reciente de un segundo repetidor (FRB180814) puede
ayudar a responder esta pregunta [CHIME/FRB Collaboration et al., 2019].
El campo de las observaciones de FRB ha cambiado considerablemente en los últimos
años gracias a los nuevos telescopios. El Telescopio de Síntesis del Observatorio Molonglo
(MOST) detectó tres FRB durante la puesta en servicio del sistema [Caleb et al., 2017]. El
Explorador de Arreglo de un Kilómetro Cuadrado de Australia (o ASKAP) descubrió 20
FRB nuevas en aproximadamente un año [Shannon et al., 2018] y sugiere la posibilidad de
un vínculo entre dispersión y luminosidad. Recientemente, el Experimento de Mapeo de
Intensidad de Hidrógeno de Canadá (CHIME) ha detectado 13 FRB nuevas, desplazando
la frecuencia más baja observada de una FRB a 400 MHz [CHIME/FRB Collaboration
et al., 2019].
Algunas de estas FRB muestran un esparcimiento bajo (ampliación del ancho del pulso
de radio), lo que sugiere que es posible la detección a frecuencias incluso más bajas. Esto
hace que los telescopios como LOFAR sean más atractivos para las búsquedas de FRB y,
por lo tanto, fomentan el seguimiento del trabajo presentado en los capítulos §4 y §5.
Este campo se ha estado moviendo a un ritmo muy rápido en los últimos años. No sería
sorprendente que se hicieran más descubrimientos antes de imprimir esta tesis.
La búsqueda de tecnomarcadores
La búsqueda de inteligencia extraterrestre (SETI, por sus siglas en inglés) es un campo
multidisciplinario de la ciencia dirigido a la búsqueda sistemática de “ señales” creadas
artiﬁcialmente que potencialmente sugerirían la existencia, en el pasado o en el presente, de
vida inteligente fuera de la Tierra. Estas señales suelen denominarse tecnomarcadores. Se
ha argumentado que “ búsqueda de tecnomarcadores” es un nombre mejor para el campo (en
lugar de SETI), porque las búsquedas se centran en encontrar señales tecnológicas y usarlas
como un indicador de inteligencia. El término tecnomarcador también se clasiﬁca como un
subconjunto de biomarcadores, que es un término más general que incluye cualquier signo de
vida no terrenal (por ejemplo, la presencia de biosferas a través de mediciones atmosféricas
de exoplanetas).
44Se encontraron pulsos adicionales en el mismo conjunto de datos a través del progreso de detección
usando aprendizaje automático [Zhang et al., 2018]
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La mayoría de las búsquedas de señales, ya sea que se transmitieron intencionalmente o
involuntariamente en nuestra dirección, han tenido lugar en el espectro electromagnético,
principalmente en las radiofrecuencias. Para ello se ha utilizado una amplia variedad de
radiotelescopios [Drake, 1961a; Verschuur, 1973; Tarter et al., 1980; Bowyer et al., 1983;
Horowitz et al., 1986; Steﬀes & Deboer, 1994; Bowyer et al., 1995; Mauersberger et al., 1996;
Backus, 1998; Werthimer et al., 2000; Tarter, 2001; Harp et al., 2016a; Tingay et al., 2016;
Enriquez et al., 2017; Gray & Mooley, 2017a, entre otros]. Además de las radiofrecuencias,
las longitudes de onda ópticas también se utilizan pero en menor medida através de espec-
trómetros de alta resolución [Reines & Marcy, 2002; Tellis & Marcy, 2017] y fotómetros
rápidos [Horowitz et al., 2001; Howard et al., 2007]. Estos instrumentos se instalan en
los telescopios ópticos y su ﬁnalidad es la detección de láseres [Schwartz & Townes, 1961].
Los estudios más recientes han extendido estas búsquedas ópticas a la parte infrarroja del
espectro electromagnético[Wright et al., 2014].
Otro métido de búsqueda de tecnomarcadores es usualmente referido como SETI de
Artefacto [Wright et al., 2014]. En este método se buscan muestras tecnológicas a grandes
escalas que pueden ser detectadas a distancias astronómicas. Se han propuesto muchas ideas
para la búsqueda de tales tecnomarcadores, por ejemplo, un anillo de satélites que orbitan
alrededor de un planeta en el llamado exocinturón de Clarke, que podría ser detectable
en la curva de luz de estrellas con exoplanetas transitorios [Socas-Navarro, 2018], o el
uso de láseres potentes durante el tránsito de un exoplaneta para indicar la presencia de
una civilización [Kipping & Teachey, 2016]. Probablemente la idea más conocida esté
relacionada con los objetos conocidos como esferas de Dyson [Dyson, 1960], las cuales
son estructuras hipotéticas que pueden cubrir total o parcialmente una estrella y usar la
luz recolectada como fuente de energía. Uno de los candidatos más famosos y recientes
que pudieran albergar tal estructura es la Estrella de Boyajian (también conocida como
Estrella de Tabby) que tiene ﬂuctuaciones de luz inusuales [Boyajian et al., 2016]. Sin
embargo, recientemente se econtró que esta teoría es poco plausible ya que se descubrió
una atenuación dependiente de la longitud de onda de acuerdo con la presencia de polvo
en el medio circundante de la estrella [Boyajian et al., 2018].
La paradoja de Fermi y la ecuación de Drake
La pregunta de si estamos solos en el universo probablemente ha ocupado a la humanidad
durante tanto tiempo como la pregunta sobre nuestro propio origen. En los tiempos moder-
nos, una vez que los seres humanos se percataron de las distancias y las escalas de tiempo en
la Vía Láctea y el universo, se ha sugerido que si existiera una civilización tecnológicamente
avanzada durante millones de años, ya habrían tenido tiempo suﬁciente para extenderse por
toda nuestra Galaxia. Sin embargo, todavía no se han observado señales de la existencia
de dicha civilación. Este problema fue resumido en la década de 1950 por Enrico Fermi
con la pregunta “ ¿Dónde están todos? ”, y es conocida como la Paradoja de Fermi.
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Se han formulado varias teorías con el ﬁn de dar explicación a esta paradoja, que se
puede dividir en dos campos. Una es que la vida en el universo es rara y que podemos ser
la única civilización en la Vía Láctea. La otra es que puede haber más civilizaciones, pero
por alguna razón no hemos descubierto su presencia, ya sea porque no quieren ser descu-
biertas o porque todavía no hemos podido detectarlas por razones logísticas, tecnológicas
o sociológicas.
En los tiempos modernos, se han desarrollado marcos teóricos para estimar en qué
medida podrían existir civilizaciones extraterrestres en la Vía Láctea. La ecuación de
Drake es el argumento probabilístico más conocido creado para resumir los factores más
importantes desde una perspectiva astrobiológica.
La ecuación de Drake establece que:
N = R∗ × fp × ne × fl × fi × fc × L (1)
donde N representa la cantidad de civilizaciones desarrolladas tecnológicamente en nuestra
galaxia;
R∗ es la tasa promedio de formación de estrellas en nuestra galaxia;
fp es la fracción de estrellas que pueden tener planetas;
ne es el número promedio de planetas por estrella que potencialmente puede albergar vida;
fl es la fracción de planetas potenciales en los que realmente se desarrolla la vida;
fi es la fracción de aquellos planetas habitados en los que se desarrolla la vida inteligente;
fc es la fracción de aquellos planetas con vida inteligente que desarrollan una civilización
tecnológicamente avanzada con señales que demuestran su existencia; y,
L es la vida útil promedio de una civilización tan avanzada tecnológicamente.
Vale la pena mencionar que los tres primeros términos de la ecuación son actualmente
bien conocidos. La tasa promedio de formación de estrellas, R∗, está entre uno y cinco
Maño−1 [Robitaille & Whitney, 2010, y referencias allí.]. Al tomar la masa promedio de
una estrella como 〈M∗〉 = 0.5M [Kennicutt & Evans, 2012] 45, podríamos decir que R∗
es entre dos y diez estrellas por año. Hay al menos un planeta alrededor de cada estrella
(fp ≈ 1), y si nos limitamos a planetas en la zona habitable como aquellos con el potencial
de mantener la vida, entonces fpne ≈ 0.2 [Dressing & Charbonneau, 2013; Petigura et al.,
2013; Batalha, 2014]. Sin embargo, no hay valores conocidos para los otros parámetros, por
lo que no se sabe en qué medida se esperan civilizaciones extraterrestres en nuestra galaxia.
Solo al continuar la búsqueda podríamos obtener una respuesta a la pregunta profunda,
¿hay alguien ahí afuera?
45Este valor depende de la La función de masa inicial (IMF) como se describe por ejemplo en Kroupa
et al. [1993].
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Una breve historia de la radio SETI
Desde que Cocconi & Morrison [1959] señaló que la radio era un medio razonable de comu-
nicación interestelar, se han realizado muchas búsquedas en esta región del espectro elec-
tromagnético. La primera búsqueda fue realizada por el Proyecto OZMA [Drake, 1961a]
con una investigación modesta de dos estrellas vecinas.
Las primeras búsquedas se centraron en rangos de frecuencia especíﬁcos, como el lla-
mado “pozo de agua” [Oliver & Billingham, 1971]46, y otras “frecuencias mágicas” [Drake
& Sagan, 1973a]. Estas ideas se inspiraron principalmente en las limitaciones de ancho de
banda de la época. A medida que los avances tecnológicos hicieron posible un mayor ancho
de banda, los esfuerzos se han extendido lentamente a otras regiones de la “ventana de
microondas terrestre”, una región con poco ruido natural entre 1-10 GHz, como se muestra
en la Figura 2. En el límite de baja frecuencia de esta ventana, la radiación del sincrotrón
galáctico es la principal fuente de ruido. En las frecuencias más altas, el vapor de agua en
nuestra atmósfera se convierte en la principal fuente de ruido. Esto no toma en cuenta la
RFI causada por la tecnología hecha por el hombre, que puede ser mucho más fuerte y se
puede encontrar en cualquier frecuencia.
Los esfuerzos de SETI fueron catalizados por el informe de la NASA Project Cyclops
(Proyecto Cíclope) [Oliver & Billingham, 1971], que estableció el Grupo de estudio de co-
municación interestelar en la NASA (Ames), que había estado en funcionamiento durante
varias décadas. En el apogeo de sus actividades, este grupo realizó la búsqueda de mi-
croondas de alta resolución (HRMS, por sus siglas en inglés) con el objetivo de observar
mil estrellas en el rango de frecuencia de 1-3 GHz. El proyecto se canceló después de falta
de ﬁnanciamiento gubernamental en 1993, pero se reanudó como Proyect Phoenix (Projecto
Fénix) por el Instituto SETI al año siguiente. Al ﬁnalizar este proyecto se habían observado
algunos cientos de estrellas con una sensibilidad capas de detectar un transmisor hipotético
localizado a alrededor de doscientos años luz y con una potencia de un orden de magnitud
diez veces mayor a la que actualmente es posible con nuestra tecnología. Al mismo tiempo,
otros esfuerzos como META [Horowitz & Sagan, 1993], SERENDIP y SETI@home estaban
en marcha. Se podría decir que la primera edad de oro para SETI terminó con el cambio
de siglo. Para obtener una imagen más detallada de las primeras décadas de SETI el lector
puede consultar Tarter [2001].
En la primera década de este siglo, la investigación de SETI se vio fortalecida por la
construcción de la primera fase del Conjunto de Telescopios Allen (ATA, por sus siglas
en inglés), una instalación exclusiva para el uso SETI. La conﬁguración del conjunto y los
nuevos receptores permitieron la observación simultánea de múltiples objetivos en un ancho
de banda muy amplio [1-10 GHz; Harp et al., 2016a]. El ATA originalmente planeado habría
sido un telescopio ultramoderno. Desafortunadamente, la sensibilidad ﬁnal del telescopio
46Frequencias entre la línea de hidrógeno (H) a 1420 MHz y las líneas de hidroxilo (OH) alrededor de
1660 MHz
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Figure 2: La ventana de microondas terrestre. Figura tomada de [Morrison et al., 1977,
ﬁgura 2.]
fue limitada porque la estructura del conjunto nunca pasó la primera fase.
La última versión de un proyecto SETI a grande escala comenzó hace unos años, cuando
se anunció la iniciativa Breakthrough Listen: un programa de diez años para realizar la
búsqueda de SETI más grande de la historia. Este proyecto se ha beneﬁciado de las
mejoras tecnológicas acumuladas logradas por la ley de Moore. Los primeros resultados
del primer año operativo superaron todo lo que se había hecho en el pasado en términos de
una combinación de sensibilidad, número de objetos observados y ancho de banda medido
(Capítulo §6). Las observaciones se continúan con el telescopio Green Bank y el telescopio
Parkes con un tiempo de observación sustancial [Isaacson et al., 2017]. Las búsquedas
futuras de Breakthrough Listen y sus colaboradores utilizaran los telescopios más modernos,
como LOFAR (como ya se demostró en Capítulo §7) y MeerKAT, que mejorará aún más
la cantidad de espacio de parámetros disponible en términos de sensibilidad y el número
de objetivos observados. Dado su potencial, se podría argumentar que Breakthrough Listen
se está convirtiendo en el programa Apollo de SETI.47
Sin embargo, ir a la luna puede no ser suﬁciente, ir a Marte puede ser necesario para
encontrar marcianos. Se necesitará una próxima generación de telescopios para encontrar
47Coincidentemente, esta tesis se imprimirá alrededor del 50 aniversario del primer aterrizaje lunar.
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evidencia de otros seres con capacidades tecnológicas, o para por lo menos poner límites
robusto a la existencia de otras civilizaciones en la Vía Láctea. Según Grimaldi & Marcy
[2018], puede ser necesario un telescopio con las capacidades y la sensibilidad de la fu-
tura fase del telescope Conjunto de Kilómetro Cuadrado (SKA, pos sus siglas en inglés)
para establecer límites rigurosos sobre la posible existencia de tecnología extraterrestre que
transmita señales de radio en nuestra galaxia.
Esta tesis
En esta tesis se presentan varios estudios de búsquedas de emisión de radio coherente abar-
cando múltiples orígenes (no)astrofísicos y con morfologías de señal diferentes. Debido a la
diversidad de las señales de radio, se utilizaron varios telescopios y técnicas de detección,
desde imágenes radioastronómicas, que proporcionan información espacial sobre una señal
detectada, hasta espectros dinámicos de un área única en el aire, que dan las propiedades
de tiempo y frecuencia de una señal coherente.
Por Telescopio
Hemos utilizado datos de tres radiotelescopios con diferentes conﬁguraciones. Primero,
utilizamos el telescopio Robert C. Byrd Green Bank (GBT) en Green Bank, Virginia del
Oeste, EE. UU. Este es un telescopio orientable de 100 m de diámetro de una solo antena
parabólica [Prestage et al., 2009]. Hemos utilizado el receptor de banda L de 1.1 a 1.9
GHz (capítulo §6) y el receptor de banda C de 4 a 8 GHz (capítulo §3). Estos receptores
solo pueden mirar en una sola área del cielo a la vez. Usamos este telescopio siguiendo
cada fuente durante varios minutos consecutivos. Estas observaciones se utilizan para el
análisis de las propiedades temporales y espectrales de los datos cuando se busca una posible
emisión de radio de fuentes menores a la resolución del telescopio.
En segundo lugar, utilizamos el Telescopio de Radio de Longitudes de Onda de Metro
Gigante [GMRT, por sus siglas en inglés; Swarup et al., 1991], ubicado cerca de Pune, India.
GMRT consta de 30 antenas individuales controlables de 45 m cada uno. Un telescopio de
conjunto se usa generalmente para la síntesis de apertura, un método interferométrico en
el que todos los pares de antenas, también llamadas líneas de base, se utilizan para crear
una imagen de una región en el cielo. La resolución de la imagen está limitada en principio
por la línea de base más larga. Usamos imágenes de datos interferométricos tomados a 150
MHz a través de este telescopio (Capítulo §2).
Finalmente, utilizamos el telescopio de conjunto de baja frecuencia [LOFAR; van Haar-
lem et al., 2013], un telescopio de apertura compuesta por aproximadamente 20,000 antenas
dipolo, divididas en grupos y estaciones. La mayoría de las estaciones se encuentran en los
Países Bajos y algunas en otros países europeos. Con este telescopio observamos frecuencias
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entre 20 y 250 MHz (capítulos §4, §5 y §7). La tecnología detrás de este telescopio ofrece
una gran ﬂexibilidad, ya que se puede usar en modo de haz (como si fuera una antena
parabólica sola) o en el modo interferométrico (como un telescopio de conjunto), y estos
modos también se pueden usar simultáneamente. La ﬁgura 3 muestra los tres telescopios.
GMRT y LOFAR solo se muestran parcialmente porque se extienden sobre un área grande.
Figure 3: Imágenes de los telescopios utilizados en esta tesis: (A) GBT (B) Superterp de
LOFAR (C) GMRT
Por tema
Esta tesis se subdivide en tres partes, cada una de las cuales comprende una fuente
astrofísica diferente de emisión de radio coherente. En la primera parte presentamos dos
estudios de búsqueda de emisión de radio estelar proveniente de enanas rojas y marrones.
Con estas búsquedas intentamos comprender la actividad estelar y, por lo tanto, la habit-
abilidad de tales sistemas estelares. En la segunda parte, nuestra búsqueda se centra en
las FRB con el telescopio LOFAR. Este trabajo está motivado por la naturaleza astrofísica
desconocida de los pulsos y el potencial para descubrir nuevos procesos astrofísicos intere-
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santes. En la tercera parte, nos centramos en la búsqueda de supuestas señales artiﬁciales
de banda estrecha en estrellas cercanas a nuestro sistema solar. Estas búsquedas están
motivadas por algunas de las grandes preguntas de la astrobiología, que es conocer la dis-
tribución y el futuro de la vida en el universo. En este caso especíﬁco, buscamos vida
inteligente que sea capaz de transmitir señales de radio.
Parte I, la búsqueda de actividad estelar
En la primera parte de esta tesis, nos centramos en la búsqueda de estrellas activas en las
longitudes de onda de radio. Realizamos este estudio buscando observaciones de radio del
cielo existentes y haciendo un seguimiento de las observaciones de posibles estrellas activas.
En el Capítulo §2 hemos analizado el estudio TIFR GMRT Sky Survey (TGSS) 48
para detectar la presencia de emisión de radio estelar. Este estudio cubre alrededor del
90% del cielo a 150 MHz y tiene una resolución angular de 25 segundos de arco. Estas
características, así como el tiempo de integración de solo unos minutos por cada región del
cielo, hacen que los datos de TGSS sean óptimos para las búsquedas de ﬂashes de radio
estelares.
Hemos creado un catálogo de todas las fuentes de radio en las imágenes de TGSS First
Alternative Data Release [TGSS ADR1; Intema et al., 2017] identiﬁcando cada fuente con
una detección de señal de más de tres desviaciones estándar del nivel del ruido. Hemos
comparado las ubicaciones de millones de fuentes de radio con las de miles de enanas rojas y
marrones conocidas. Encontramos un grupo de 21 fuentes que tienen el mayor potencial de
ser generadas por las estrellas. Los estudios de seguimiento, por ejemplo, en las propiedades
de polarización, podrían proporcionar una imagen más clara de la actividad estelar de estas
estrellas. Alentamos observaciones de seguimiento para seguir estas fuentes.
En el capítulo §3 informamos sobre las observaciones de seguimiento con el GBT de
Ross 128, una enana roja a tan solo solo 3.3 pc (10.9 años luz) de distancia de nuestro
sistema solar. Anteriormente otro grupo descubrió usando el telescopio en Arecibo que
esta estrella tenía una emisión en radio peculiar localizada aproximadamente a 4.7 GHz.
Sin emabrgo, sus resultados fueron inconclusos.
También realizamos observaciones simultáneamente con el telescopio GBT y Arecibo.
Nuestras observaciones de GBT no mostraron ninguna emisión de radio consistente a ser
de origen estelar proveniente de Ross 128. Con la ayuda de un análisis adicional, hemos
identiﬁcado varias señales de radio de banda ancha con una morfología similar a la que
identiﬁcó el grupo de Arecibo. Sin embargo, observamos que esta emisión puede asociarse
con una RFI local, en particular con satélites artiﬁciales que orbitan la Tierra alrededor de
la dirección a Ross 128.
48TGSS url: http://tgss.ncra.tifr.res.in/
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Parte II, la búsqueda de ráfagas de radio rápidas
En esta parte de la tesis nos centramos en la búsqueda de objetos transitorios rápidos a bajas
frecuencias de radio. Presentamos el proyecto de Búsqueda rápida de objetos transitorios
de radio (FRATS, por sus siglas en inglés) que utiliza el telescopio LOFAR. Este es un
programa comensal que es diseñado para buscar las FRB y otros objetos transiforios rápidos
de radio en frecuencias por debajo de 250 MHz y con escalas de tiempo de sub-segundos.
En las bajas frecuencias utilizadas por este telescopio, LOFAR ofrece una combinación
única de sensibilidad, alta resolución angular, así como capacidad técnica y capacidad de
cálculo para observaciones paralelas en diferentes modos. El telescopio también se integra
con las Targetas de memoria para objectos transitorios (TBB, por sus siglas en inglés) en
cada antena. Estos datos almacenados se pueden analizar fuera de línea para aumentar las
capacidades del telescopio en términos de sensibilidad y localización de objetos transitorios
dadas las limitiaciones de las observaciones originales. Estas cualidades son escenciales
para el proyecto FRATS.
En el capítulo §4 proporcionamos una descripción detallada del software utilizado para
el análisis fuera de línea de datos de TBB de antenas LOFAR individuales. Este software
ofrece una gran ﬂexibilidad y realiza múltiples análisis posteriores al procesamiento, como la
detección, validación y, especialmente, la localización celestial de señales rápidas de objetos
transitorios.
Presentamos una serie de ejemplos que funcionan como prueba de concepto para el
proyecto FRATS. Primero, mostramos una señal detectada automáticamente que ha sido
identiﬁcada exitosamente como un defecto de una antena individual. A continuación, pre-
sentamos una ráfaga de sol que fue detectada accidentalmente y luego identiﬁcada y lo-
calizada en el cieolo por nuestro software gracias a la posibilidad de usar datos TBB para
observar en diferentes direcciones.
Finalmente, informamos sobre las observaciones del pulsar PSR B0329 + 54 de las
cuales, después de combinar los datos TBB de varias estaciones LOFAR en una imagen de
alta resolución, hemos mejorado la localización en comparación con la observación original.
Esto fue posible ya que logramos formar un haz coherente con datos de varias antenas en
la dirección del púlsar.
También mostramos el análisis detallado de los pulsos de este objeto, incluido un cálculo
de la medida de rotación (RM) correspondiente a los valores en la literatura. Este es un
claro ejemplo de las posibilidades de los datos TBB de LOFAR y es una buena prueba de
concepto para la localización de las FRB.
En el capítulo §5 presentamos los resultados del proyecto FRATS a partir de las primeras
observaciones de prueba que se realizaron durante el tiempo del telescopio asignado a otros
programas cientíﬁcos. Estas observaciones muestran que podemos observar con éxito de una
manera simbiótica, aumentando considerablemente la cantidad de tiempo de observación
disponible para nuestro proyecto. Durante estas observaciones, utilizamos una función de
269
533639-L-bw-Enriquez
Processed on: 25-7-2019 PDF page: 280
Resumen
búsqueda en tiempo real en un haz LOFAR incoherente (11.25 grados2 a 150 MHz). El
primer estudio piloto buscó objetos transitorios rápidos con mediciones de dispersión (DM)
de hasta 120 pc cm−3 entre 119 y 151 MHz. En el segundo estudio de prueba, hemos
aumentado el rango de DM a 500 pc cm−3. No se detectaron objetos transitorios rápidos
en ambos estudios de prueba, los cuales tenían un límite superior de 1,6 kJy ms y 6,0 kJy
ms para la ﬂuencia de un pulso de 8 ms, respectivamente. Aunque no detectamos ningún
FRB, se detectaron varios púlsares, incluido el PSR B2111+46 con un DM de 141.26 pc
cm−3. Esto validó las capacidades del sistema.
También hemos calculado el límite superior para el número de eventos por cielo por
día, el cual resultó en 1500 eventos por cielo por día para el primer estudio piloto y en
1400 eventos por cielo por día para el segundo estudio piloto. Además, hemos derivado un
límite de 134 eventos por Gpc3 por día para el segundo estudio de prueba. En el capítulo
§5 mostramos diferentes valores límite de cielo para diferentes conﬁguraciones de ancho de
pulso y ﬂuencia.
Los límites de nuestras observaciones de prueba no limitan fuertemente el ritmo con
la que ocurren las FRB en bajas frecuencias. Discutimos el tiempo de observación que
debería ser necesario para una detección, basado en una serie de suposiciones de resultados
en frecuencias más altas. También discutimos los posibles ajustes al programa FRATS,
incluido el uso del modo ﬂy’s eye que maximiza la cobertura del cielo. Señalamos que es
posible detectar una FRB con este método dentro de 10 días de observación. También
discutimos la posibilidad de usar disparadores en otros telescopios como Eﬀelsberg49.
Parte III, la búsqueda de tecnomarcadores
En las dos primeras partes de la tesis, hemos investigado la emisión de radio coherente en
el dominio del tiempo de las fuentes astrofísicas naturales. En la parte ﬁnal de esta tesis,
nos centramos en la búsqueda de tecnomarcadores en el espectro de radio. Buscamos en
particular señales con un vínculo muy estrecho de origen interestelar que sugiera un origen
artiﬁcial y, por lo tanto, demuestre la existencia de inteligencia en otras partes del universo.
En el capítulo §6 presentamos los resultados de una investigación sobre señales de
banda artiﬁcialmente estrechas de origen interestelar. Esta búsqueda incluye observaciones
de 692 estrellas cercanas utilizando el receptor de banda L (1.1 - 1.9 GHz) en el GBT,
un radiotelescopio parabólico con un diámetro de 100 metros. Los datos se canalizaron a
una resolución de alta frecuencia de tres Hz. Buscamos señales que venían con un rango
de velocidad de desvío de frecuencia de ±2 Hz s−1. Utilizamos un valor limite de 25
desviaciones estándar por encima del ruido promedio para la selección de la señal. De los
millones de señales encontradas, solo un puñado de eventos se encontró a través de nuestro
análisis automatizado. Con este análisis, comparamos señales de múltiples direcciones en
49Este último trabajo ya ha comenzado [Houben et al., 2019]
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el cielo para investigar la probabilidad de que la señal de interés provenga de la dirección
del objetivo de interés.
Se encontró que los eventos más interesantes son falsos positivos, ya sea por señales
en las observaciones en otras direcciones que nuestros algoritmos no detectaron o porque
resultaron ser señales en común en múltiples direcciones posiblemente relacionadas con
satélites GPS (bandas de frecuencia L3/L4).
Nuestra no detección de señales extraterrestres impone un límite superior a la potencia
de señales hipotéticas continuas de menos de 1013 W. Esta cantidad de energía es com-
parable a la que nuestra propia tecnología puede producir. Dado el número de estrellas
en nuestra muestra, nuestros límites superiores sugieren que menos de 0.14% de estrellas
dentro de 50 pc tienen transmisores de radio que pueden ser detectados por el tipo de
búsqueda realizada en este proyecto. Hemos comparado nuestros resultados con búsquedas
anteriores y llegamos a la conclusión de que nuestros resultados han sido la búsqueda más
grande y rigurosa hasta la fecha, esto sobre la base de varios estándares y comparando con
otras búsquedas de ondas de radio desde estrellas cercanas.
En el Capítulo §7 estudiamos la búsqueda de tecnomarcadores de radio de baja fre-
cuencia utilizando un nuevo enfoque de análisis de haces múltiples. Esta es la primera
investigación sobre señales de banda estrecha extraterrestres a bajas frecuencias que se
haya realizado. Utilizamos el telescopio LOFAR en todas las frecuencias disponibles (10-
250 MHz) para observar todas las estrellas cercanas dentro de 5 pc que son visibles en
el hemisferio norte. Cada estrella se observó durante 12 minutos y buscamos señales con
desvío de frecuencia con un valor limite de 10 desviaciones estándar por encima del ruido
promedio y un rango de velocidad de desvío de frecuencia de ±10 Hz s−1. La velocidad de
desvío de frecuencia de una señal es causada por la aceleración relativa entre el transmisor
y el receptor. La aceleración relativa en un momento dado se debe a múltiples movimientos
de rotación y traslación.
Para aceleración especíﬁca, la velocidad de desvío de frecuencia experimentada en una
señal es inversamente proporcional a la frecuencia. Dadas las bajas frecuencias de LOFAR,
este rango de velocidad de desvío de frecuencia de ±10 Hz s−1establece un límite para
grandes aceleraciones (150ms−2, o 15.3g0), que corresponde a ±700 Hz s−1a una frequencia
de 1.4 GHz. Hasta la fecha, esta es la mayor rango de aceleraciones estudiada por un ex-
perimento de radio SETI. Un telescopio de conjunto como LOFAR permite la observación
simultánea de múltiples áreas en el cielo. Demostramos que esta es una técnica poderosa
para identiﬁcar RFI local. Con la ayuda de esta técnica, pudimos identiﬁcar que todas
las señales econtradas fueron producidas por los humanos y asi excluirlas de ser de origen
extraterrestre. Gracias a la sensibilidad de LOFAR, hemos podido establecer un límite su-
perior para señales de banda estrecha continuas desde la dirección de los objetos observados
con una potencia limite de 1.6 × 1011 W, que corresponde a lo que actualmente es posible
dentro de nuestros límites tecnológicos.
Con los dos proyectos anteriores, hemos ampliado los límites del espacio de parámetros
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en el que buscamos tecnomarcadores. Sin embargo, todavía es difícil determinar qué tan
probable es que alguna vez notemos tal señal. Solo mejorando los algoritmos y técnicas de
búsqueda, y aumentando el tamaño y la envergadura de las investigaciones astronómicas,
podremos imponer restricciones cada vez mayores a la existencia de tecnomarcadores en
nuestra galaxia y más allá.
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I was born on the 11th of October 1982 in Chihuahua, Chih., Mexico. I attended primary
and secondary school at the ‘Colegio Gil Esparza’ a private catholic school. Ever since my
childhood I had a passion for mathematics and puzzles. It was during secondary school
when I developed the curiosity about astronomy, and experienced the trill of looking at the
moons of Jupiter with my own eyes (with the aid of a telescope indeed) and from learning
science from books and scientiﬁc magazines. My path was carved when in high school I
participated in the Mathematics Olympiad and had the fortune to obtain a silver medal at
the national competition organized by the Olimpiada Mexicana de Matematicas (OMM),
most importantly I learned of other people that also loved mathematics many of which
became my friends. I learned that science was something you could do for a living.
In 2001 I started a bachelor of science at the University of Texas at El Paso. I grad-
uated in 2006 with a double major in Physics and Mathematics. During this time, I was
fortuitous to have multiple research experiences. During the summer of 2004 I worked at
the University of California at Berkeley as a summer student under Dr. Franck Marchis
developing an algorithm to calculate the detection limits of binary asteroids. In the sum-
mers of 2005 and 2006 I used radiative transfer models to calculate detectability of trace
molecules in circumstellar disks under the supervision of Dr. Inga Kamp at the Space
Telescope Science Institute. I also had some research experience at my home institution in
the ﬁelds of space physics, physics education, and nuclear physics. I very much enjoyed the
diversity of research projects I had experienced. The experience of my bachelors opened
my mind to think critically, one of the best gifts I have ever received.
I started a Masters program at San Diego State University in 2006 in Astronomy. For my
research project I worked on distance determination of Type II-P Supernovae using novel
methods, as well as their cosmological use to independently determine the cosmological
parameters. Some of my work became part of a publication with more than 200 citations.
I learned the meaning of mastering a subject in science, however small or speciﬁc it may
be.
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In 2009 I became a research assistant at the SETI Institute working again with Dr.
Franck Marchis. During this time I studied the composition of binary asteroids with in-
frared spectra from the instrument SpeX on the IRTF (where I was awarded multiple
observing proposals), as well as optical data from robotic telescopes. I also had the oppor-
tunity to supervise an undergraduate student at UC Berkeley. Several publications resulted
from my work and collaborators.
In 2011 I started a position as promovendus (Ph.D. candidate) at the Radboud Univer-
sity Nijmegen under the supervision of Prof. dr. Heino Falcke. To add to the variate of
research topics, this time I decided to be trained as a radio astronomer. The ﬁrst part of
my Ph.D. studies was to develop software for the analysis and localization of FRBs with the
LOFAR telescope. Although the development of tools for this tasks were completed suc-
cessfully, it is still an open question if FRBs are detectable at the low frequencies LOFAR
operates. For the second part of my Ph.D. studies I increased the diversity of my research
by using LOFAR (where I was awarded multiple observing proposals) for the search of
transient radio emission from ultra-cool dwarfs. I also searched the available sky survey
data from the GMRT (TGSS) for the same purpose. A publication is under review on this
work. For the third part of my PhD studies I concentrated on the search for technosig-
natures at low frequencies with LOFAR. This project is presented as the last chapter of
this thesis and will soon be submitted for publication. I learned how to work in a research
team, as well as how to work independently and develop my own ideas. It has truly been
a life changing experience.
In 2016 I had the great opportunity to join the Breakthrough Listen (the largest program
in history for the search for technosignatures) group in the Astronomy Department at the
University of California Berkeley. Given the magnitude of such a project I decided to join
even before concluding my PhD studies. I have been extremely fortunate to have been part
of this group for the last few years. During this time I have been leading eﬀorts in software
development for data manipulation and analysis (i.e. blimpy, turboSETI). I have also led
the publication of the ﬁrst scientiﬁc results from the program, among other publications.
I am also now the GBT project scientist for Breakthrough Listen (managing about 20%
of the observing time on the telescope). I have been fortunate to mentor talented summer
students, as well as to collaborate with an excellent group of colleagues. I have learned
how important this ﬁeld is and yet how understudied has been for decades.
At this point I’m not planning to increase the number of research topics I work on
(although the search for technosignatures in gravitational wave data sounds appealing),
but rather concentrate and further develop the ﬁelds I currently pursue in radio astronomy.
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